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Towards a nanoworld

In 1965, Gordon Moore, then director of the Fairchild Semiconduc-
tor’s Research and Development Laboratories, first noted that the
complexity of semiconductor chips has doubled every year since the
first prototype integrated circuit was produced in 1959. This expo-
nential increase in the number of components on a chip later became
known as Moore’s law, which has undergone several revisions over
the decades. The time constant is nows 18 months, but Moore’s
law has gone from being the doubling of the number of transistors
on a chip to the doubling of microprocessor power to the doubling
of computing power at a fixed cost. After nearly 50 years, the in-
formation technology industry realizes that the end of Moore’s law,
whatever formulated, is on the horizon because of several physical
limits. There are five different limits: fundamental, material, de-
vice, interconnections and system. Fundamental limits are imposed
by the laws of physics and are thus absolute and independent of ma-
terial properties, device structure, circuit configuration, or system
architecture. Perhaps the most problematic of these limits is the
fourth, i.e. interconnections. A significant performance limitation
in integrated circuits has become the metal interconnect, which is
responsible for depressing the on-chip data bandwith while consum-
ing an increasing percentage or power. These problems will grow as
wire diameters scale down and the resistance-capacitance product
of the interconnect wires increases hyperbolically which threatens
to choke off the computational performance increases of chips that
we have come to expect over time. It is possible that computers in
the future will be based on monolithically integrated nanoscale elec-
tronic/photonic circuits, with the information processing primarily
relying on electrons and the majority of the information transfer
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(above a particular architecture/dependent length scale measured
in tens of micrometers) accomplished using photons. Such systems
will be dramatically more capable and energy efficient than sole-
ly electronic systems. This is in general the dream of integrated
photonics. Recent advances in the area of nanophotonics, such as
photonic bandgap and negative index materials, have made pos-
sible the design and manufacture of integrated electronic photonic
systems that utilize existing fabrication plants for silicon integrated
circuits. If these systems can be realized, they have the potential
to extend the 18-month doubling of computing capability at a fixed
cost for many decades into the future. Such “photonic circuits” re-
quire different kind of materials for generating photons, controlling
their flux and detecting them. Most of the material adopted are
III-V or II-VI semiconductors, which are not fully compatible with
Si technology. At the moment, only passive devices (i.e. waveg-
uides or splitters) can be promptly made on Si, but the scenario
concerning active devices (light sources or amplifiers) is still poor.
Unfortunately bulk silicon is an inefficient light emitter, and despite
the scientific results obtained with both optical gain and stimulat-
ed Raman emission, an electrically-driven laser in Si still doesn’t
exist. Hence, a nanostructured-silicon-based light emitter would be
a natively integrable solution for photonic devices, and would be
also cheaper than the III-V light sources adopted in contemporary
integrated photonics. Fabricating, controlling and understanding a
silicon nanowire system, its structure and its mechanisms of light
emission are hence the main purposes of this thesis.

Outline of the thesis

Group-IV semiconductor nanowires (NWs) are attracting interest
among the scientific community as building blocks for future nanoscaled
devices. The aim of this thesis is to exploit a new method for Si
NWs fabrication suitable for photonic applications, and to study
the application of Si NWs in both photonics and optical trapping.
Hopefully, all these three aims have been a scientific challenge for
all the group I joined and for me. Silicon NWs are nowadays a
promising system for both electronics and photonics. Let’s con-
sider that microelectronic industry recently moved to nanometric
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processes, and the IC manufacturing roadmap set the length of the
channel for ULSI to 14 nm in 2013. At the same time, this thesis
demonstrates that Si NWs can have a big impact on silicon pho-
tonics, since they can emit light under both optical and electrical
pumping. A prototype of light emitting device fully based on Si
NWs has been fabricated, and it can emit light in the red at room
temperature. Another part of the thesis is focused on the study
of Si/Ge multi quantum well NWs, in which carriers can be both
trapped in 2D Si whiskers and 3D Ge wells. The ending part of
the thesis will be focused on optical trapping of Si NWs, and this
study will confirm hypotheses on Si NWs hydrodynamics and on
their brownian motion when they are dispersed into a liquid.

The thesis is organized as follows:

In chapter 1 a broad discussion on the different top down and
bottom up approaches on Si NWs fabrication will introduce us to
the main peculiarities, issues and pros of each different approach,
and the problems that will be encountered if trying to use these
systems for photonic applications. Different techniques are current-
ly used for Si NWs preparation, the bottom-up vapor-liquid-solid
(VLS) mechanism or the top-down approach which uses the elec-
tron beam lithography (EBL). Moreover, literature shows that in
the last few years Metal-assisted chemical etching (MACEtch) has
become a powerful technique to obtain high density and low-cost
Si NWs with high and controllable aspect ratio. It consists of an
etching of a Si substrate in a solution containing dihydrogen perox-
ide, hydrogen fluoride and a metallic salt. Roughly speaking, the
metal catalyzes the hole injection into the semiconductor, which
is then oxidized, and subsequently removed by the hydrogen flu-
oride. The dihydrogen peroxide accelerates the process injecting
more holes. NWs obtained by this technique have exactly the same
structure and doping properties of the substrate; a size of 10 nm
can be be obtained by using particular lithography techniques e.g.
with anodized aluminum oxide masks (AAO). The fabrication of Si
NWs can be aimed to several applications in different areas, such
as field effect transistors for microelectronics, biological and chem-
ical sensors, solar cells and photonics. Both their reduced size and
high surface to volume ratio are fundamental for the first two ap-
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plications respectively. High aspect ratio and randomness in the
arrangement of the wires is a fundamental aspect to make solar
cells in silicon nanowire attractive, because of their high absorption
of light and their high capability to separate electron hole pairs be-
fore they are recombined. Anyway in this scenario a system which
is natively suitable for photonics is still lacking. All the attempts
made by oxidizing VLS grown or EBL made silicon nanowires are
reported in this chapter, but with poor results. For these reasons
MacEtch technique could be a valid candidate for making Si NWs
of dimensions compatible with quantum confinement effects, with
full controllable doping profile, which do not need any further oxi-
dation to shrink the Si core size and where there is no gold diffusion
(detrimental for optical properties) inside the NWs since the etching
process is at room temperature.

Chapter 2 deals with the fabrication of ultrathin Si NWs by a
modified metal assisted etching process. Instead of using metallic
salts as catalysts (which leave metallic dendrites over the NWs after
the etching process), ultrathin films of gold or silver have been
evaporated at room termperature on a Si surface, and then etch is
performed. Depending on the adopted substrate, vertical or tilted
NWs can be obtained. Then, it will be shown that by using for
the first time ultra thin films of gold or silver as catalysts for the
etch, their main size becomes less than 10 nm, allowing quantum
confinement effects. A Si core - SiO2 shell structure is obtained and
it is possible to tune the core of the NWs scaling them down to 5
nm. The size of the Si NWs scales down as the thickness of the
metallic mesh (used as a catalyst for the etching process) becomes
thicker. Both energy filtered TEM analyses and Raman analyses
strictly confirm these data. Also, a more complex system has been
realized, indeed by etching a multi quantum well made by stacks of
1 nm thick Ge and 54 nm thick Si it is possible to fabricate Si/Ge
MQW NWs. In this way a structure made of Si NWs which confines
carriers in two dimensions (leaving them free on the third one), and
a structure of Ge disks (which confines carriers in three dimensions)
can be obtained.

Chapter 3 is the demonstration that both MACetch Si NWs and
Si/Ge MQW NWs are suitable for photonic applications. Obtaining
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light from Si NWs at room temperature under optical and electrical
pumping is still a big challenge and would have a tremendous im-
pact on silicon photonics. It will be shown a detailed and complete
study of the excitation and de-excitation properties as a function of
the temperature and of the pump power, determining the excitation
cross section, and both presence and origin of possible non-radiative
phenomena. The influence of the structural properties on the mech-
anisms of light emission has been studied, in such a way to optimize
the emission properties. A light emitting device based on Si NWs
has been realized, showing the efficient electroluminescence emis-
sion at room temperature in the red (700 nm) under low voltage
pumping. Finally, we realized Si/Ge NWs by the same synthesis
approach, in order to obtain different confined structures of both
Si and Ge inside each NW. Photoluminescence emission properties
of Si/Ge NWs have been studied at room temperature.
Chapter 4 deals with the optical trapping of the single MACetch Si
NW. Optical trapping (OT) of nanostructures has acquired tremen-
dous momentum in the past few years. Manipulating nanoparticles
with OT is generally difficult because radiation forces scale approx-
imately with particle volume and thermal fluctuations can easily
overwhelm trapping forces at the nanoscale. Hence, the role of
size-scaling is crucial for understanding the interplay between opti-
cal forces and hydrodynamic interactions that change dramatically
with size, therefore much affecting both force-sensing and spatial
resolution in precision applications. A detailed study on how op-
tical trapping and Brownian motion of very thin (7 ± 2 nm di-
ameter) Si NWs depend on their size has been performed. The
NWs length is the key parameter that regulates forces, torques,
and hydrodynamics. The core of the chapter fully characterizes
the three-dimensional translational and angular Brownian motion,
deals with the measure of the root-mean-square displacements and
shows the different size-scaling due to the interplay between ra-
diation forces defining the trapping potential and hydrodynamics.
Finally, a comparison with a full electromagnetic theory of opti-
cal trapping of SiNWs have been made, showing good agreement if
aberration from the coverslip-water interface is considered.
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Chapter 1

An Overview on Si NWs

Abstract

In this chapter a broad discussion on the state of the art of Si
NWs realization and performances will be treated. First, different
approaches of nanotechnology, i.e. the bottom-up and top-down
approaches, will be shown. Then, how these paradigms can be fo-
cused on Si NWs realization will be elucidated. The most important
bottom-up and top-down techniques of realization of Si NWs will be
broadly discussed in the first section: the vapor liquid solid mecha-
nism (VLS), the electron beam lithography and a special focus will
be given on the metal assisted etching technique. This latter tech-
nique has been recently invented, and is promising since it is low
cost, with a high throughput, and the process of fabrication is easy
and controllable. The second section is then focused on the applica-
tions of these systems in different key areas of technology: sensors,
nanoelectronics and solar cells. The world is changing, it continu-
ously asks for energy, for faster electro-optical communication, and
for safety and welfare. We will see how the specific physical and
chemical peculiarities of Si NWs can make them unique and neces-
sary for future applications in these key areas for the next years.
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Figure 1.1: Top-down and bottom-up strategies in both physical and life
sciences.

1.1 Bottom-up and top-down fabrication

approaches for Si NWs realization

Nanotechnology represents the meeting place between engineering,
physical and life sciences. Most of the new phenomena treated in
this field of research arise from nanometer scale structures. In fact,
these ideas have driven scientists to develop several methods for
making different nanostructures. Making nanostructures is easier
than it might be thought. In general, there are two approaches for
creating small objects, which can be distinguished as top-down and
bottom-up (fig.1.1). In the top-down approach, small features are
“written” onto the material by a combination of different processes,
i.e. lithography, etching and deposition, to form functional devices
(fig.1.1, top-left corner). In other words, this strategy uses sculpt-
ing or etching to carve structures from a larger piece of material in
a subtractive fashion. The top-down approach has been extremely
successful in nanoelectronics, which is perhaps the best example of
this approach nowadays. While developments continue to push the
resolution limits of lithography, these improvements in resolution
are associated with an increase in cost. This economic limitation
and other scientific issues with the top-down approach motivated
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several efforts to search new strategies for scaling down the dimen-
sions of nanostructures in the next future [1]. On the other hand,
the bottom-up approach consists in assembling chemically synthe-
sized and well-defined nanoscale building blocks, much like the way
nature employs proteins and other macromolecules to build com-
plex biological and functional systems (fig.1.1, bottom-right cor-
ner). Most of the times this is a powerful alternative approach
to conventional top-down methods [2], because it has the poten-
tial to go far beyond the limits of top-down technology by defining
key nanometer scale metrics through synthesis and subsequent as-
sembly - not by lithography. It is crucial for nanotechnology that
each bottom-up approach focuses on three key topic areas. First, it
necessitates nanoscale building blocks with precisely controlled and
tunable chemical composition, morphology, structure and size, since
these characteristics determine their physical properties. To meet
this goal requires developing methods that enable rational design
and predictable synthesis of building blocks. Second, it is critical
(and needs much effort) to develop and explore the limits of func-
tional devices based on these building blocks. It could happen that
nanoscale structures don’t behave like current electronic and opto-
electronic devices, whereas some new and potentially revolutionary
concepts will emerge from these building blocks, for example, due
to quantum mechanical properties. Third, it will be the devel-
opment of architectures that enable high density integration with
predictable functions, and the development of hierarchical assembly
methods that can organize building blocks into these architectures.
In the nanotechnology scenario, nanowires (NWs) represent a new
class of nanostructures, which are promising for their physical and
chemical properties. In this decade these systems are attracting the
interest of scientists and of IC industry in a broad range of nanoscale
devices. Their physical properties afford them applications in a vast
network of active microelectronic research fields, including logic de-
vice scaling in very large scale integrated circuits (VLSI) [3], pho-
tonics [4], life sciences [5], biological sensor devices [6], solar cells
[7] and energy storage [8]. They are quasi-one-dimensional sys-
tems with a high surface to volume ratio, in which carriers can
be confined in two dimensions and are free on the third one (the
axial one). Hence, their electrical, optical, thermal and magnetic
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Figure 1.2: A sketch of bottom-up and top-down paradigms applied to
NWs fabrication [9]

properties could undergo a tremendous change with respect to the
bulk material. Also other physical features, such as their internal
structure (i.e. their amorphous or crystalline phase) or their aspect
ratio can affect these properties. All these features are dependent
on the adopted synthesis technique. A range of routes to semicon-
ductor nanowire production have opened up as a result of advances
in nanowire fabrication techniques over the last number of decades.
There are both bottom-up and top-down approaches also for NWs
fabrication. Figure 1.2 sketches of these two different approaches
applied on nanowires [9]. Microelectronic systems typically rely
on integrated device platforms, where each device and component
thereof can be individually addressed. This requirement for precise
addressability places significant demands on the mode of fabrica-
tion, specifically with regard to device definition, placement and
density, which have typically been strengths of top-down fabrica-
tion processes. However, in recent years, advances in bottom-up
fabrication processes have opened up the possibility of a synergy
between bottom-up and top-down processes to achieve the benefits
of both. Additionally, fabrication of nanowires of a wide range of
materials has been demonstrated, which may not be readily pro-
duced in wafer form [10, 11, 12].
In the NWs scenario, silicon nanowires (Si NWs) are the most at-
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tentioned system, since they are compatible with existing Si-based
technology and can be readily integrated with CMOS technology.
Si NWs are commonly fabricated by different bottom-up methods
like vapor liquid solid growth [13, 14] and its analogues techniques,
by seedless growth [15], template assisted growth [16], metal or-
ganic vapor phase epitaxy (MOVPE)[17], molecular beam epitaxy
(MBE) [18], or by top-down methods like the electron beam lithog-
raphy (EBL) followed by etching [19]. In the following sections the
major fabrication routes to produce Si NWs in both paradigms will
be discussed, while identifying recent advances and highlighting the
benefits and drawbacks of these routes.

1.1.1 Vapor Liquid Solid-driven Si NWs growth

The most common technique to fabricate Si NWs is the vapor liq-
uid solid (VLS) growth. This bottom-up technique was invented
by Wagner and Ellis during the ’60s [13] and uses metallic particles
as catalysts for the growth. This method takes advantage of the
specific binary alloy between silicon and some specific metals (e.g.
Au, Cu, Pt.. etc.). The choice of an appropriate seed material has
the benefit of allowing control over the diameter of the nanowires
produced, while the seed material can also significantly affect the
crystalline quality of the nanowire [20]. Typically, above the eu-
tectic temperature (lower than the melting temperature of both
silicon and of the metal), an eutectic liquid phase is formed at the
interface between the metal droplet and the Si NW. Analogues of
the VLS mechanism include supercritical fluid−liquid−solid (SFLS)
[14], supercritical fluid− solid−solid (SFSS)[21], vapor−solid−solid
(VSS)[22] and oxide assisted growth (OAG) [23] mechanisms. Com-
mon to all of these analogues is the existence of a collector or seed
particle, which acts as a sink for the nanowire material, and from
which unidirectional growth proceeds [24]. Conventionally, the seed
particle is a metal with which the nanowire material or component
thereof forms an alloy. Concerning the VLS process, when the tem-
perature is above the eutectic temperature, providing Si atoms from
a vapor phase (V), these can diffuse into the liquid phase (L) which
is formed at the Si/metal interface, and can definitely segregate at
the solid part (S) of the NW. Hence the Si/metal interface moves
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Figure 1.3: Densely packed Si NWs fabricated by VLS using an alumina
template [16]

and the NW grows axially[13]. These Si NWs grow epitaxially on
the substrate, with a mean diameter of the order of tens of nanome-
ters. The resulting structure is visible in fig. 1.3. The Si percentage
into the Si/metal alloy is a key parameter for the growth. This per-
centage depends on the liquidus curve (in blue) on the alloy phase
diagram, as shown in fig. 1.4.a for the Si/Au alloy. Gold is com-
monly used as a catalyst for VLS-type nanowire growth, thanks
to its low eutectic temperature (363°C) and since it is inert. It is
prepared either as colloidal Au nanoparticles or as an evaporated

Figure 1.4: (a) Phase diagram of the gold-silicon alloy. (b) Kinetics in
VLS growth of Si NWs [28]
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Figure 1.5: (a) A sketch of a MBE chamber. (b) A tilted SEM image
of VLS-type Si NWs grown by MBE [30]. (c) A scheme for the dip
formation around each Si NW during the growth [31]. (d) Growth velocity
of Si NWs as a function of the inverse of the radius [30].

or sputtered thin film followed by a subsequent annealing in such
a way to form droplets. The thermodynamical region in fig. 1.4.a
under the blue curve is the supersaturation region: when the tem-
perature is above 363°C and the Si percentage in the alloy is more
than 18.6% then the thermodynamic state is inside this region and
Si NW growth occurs. Hence, the droplet supersaturation is the
origin of the growth. Two mechanisms lead to the supersaturation
in VLS process: direct absorption of Si atoms from the vapor phase
and ad-atoms diffusion from the Si surface through the sidewalls
of each NW. These mechanisms are sketched in fig. 1.4.b. The
contribution of these mechanisms has a different weight depending
on the experimental technique adopted for VLS growth, i.e. physi-
cal vapor deposition (PVD) and chemical vapor deposition (CVD)
techniques. In fact, a strong contribution to supersaturation from
ad-atoms diffusion is typical for PVD techniques as Molecular Beam
Epitaxy (MBE) [25] and Electron Beam Evaporation (EBE) [26].
The scheme of a PVD apparatus is shown in fig. 1.5.a in which
a few atoms evaporated from a silicon crucible reach the heated
surface of a silicon wafer covered by gold particles. In the model
developed by V. Dubrovskii et al. there are five phases that have to
be considered: the vapor, ad-atom, liquid, NW and surface phase,
with their different chemical potentials, as shown in fig. 1.4.b. The
difference between the vapor and the substrate chemical potentials
is the thermodynamical driving force for gold droplet supersatura-
tion and definitely for growth. It is controlled by the temperature
T and by the deposition rate V [27, 28]:
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ΔμV S = μV − μS = kT ln

(
V

V S
0

)
= EA + Λ− kT ln

(
hνA
V

)
(1.1)

where V S
0 is the deposition rate at equilibrium at the temperature

in which absorption rate of atoms from the substrate is equal to its
desorption rate, EA is the activation energy for desorption, Λ is the
latent heat in the ad-atom-substrate transition, νA is the vibration
frequency, h is the thickness of a single monolayer (ML), and k is
the Boltzmann constant. This model explains the occurrence of a
bell-shaped curve of the growth velocity as a function of the tem-
perature, observed in PVD growth by different groups [26, 29]. In
fact, this curve arises from the compromise between two effects: dif-
fusion of atoms which is thermally activated and has a relevant role
at low temperature, and desorption of atoms from the NW which
acts a relevant role at high temperatures. A fingerprint of diffusion
is also visible in NWs obtained both by MBE [30] and EBE [26],
where a dip all around each NWs is visible (see fig. 1.5.b). It has
been demonstrated that the dimension of this dip is comparable
with the diffusion length of silicon ad-atoms on Si surface [31]. The
area around the NW acts as a reservoir for its growth, while far
from the NW a 2D layer of Si is deposited, as shown in fig. 1.5.c.
Finally, the particular behavior of the growth velocity as a function
of the radius of the NW, shown in fig. 1.5.d, is another signature of
the diffusion induced growth. Moreover, the diffusion induced NW
growth is possible only when μ∞

A > μL. The term μ∞
A describes

the chemical potential of the ad-atoms far from the NW, whereas
μL = μ∞

L + 2ΩLγLV /RL is the droplet chemical potential, keeping
count of the Gibbs-Thompson effect. Then, γLV is the surface en-
ergy at the vapor/liquid interface , ΩL is the atomic volume of an
atom in the liquid phase and RL = R/ sin(β) is the droplet radius.
The Gibbs-Thompson effect is responsible of the minimal radius
achievable with VLS technique. In fact, when RL is too small, the
chemical potential μL increases, it becomes higher than the chemi-
cal potential of the ad-atoms far from the NW (μL > μ∞

A ) and the
NW growth cannot occur. Au-catalyzed growth of Si NWs with
diameters below 10 nm in the [110] growth direction was observed
when the seeds were as small as 3 nm [32]. This is considered to
be the thermodynamically allowed minimum diameter for the VLS
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Figure 1.6: (a) Tilted SEM image of vertical VLS type Si NWs grown by
EBE at low fluences (b) Tilted SEM image of tilted VLS Si NWs grown
al higher fluences [26]

growth mode [33], however an integrated growth of sub-10nm Si
NWs on a Si substrate with a high density and uniform size distri-
bution is not easily obtained from densely packed Au nanoclusters.
One of the advantages of PVD on CVD technique is the possibility
to control the direction of Si NWs with some specific techniques.
For example, EBE allows to grow different families NWs epitaxial
to the substrate with (111), (100) and (110) orientations and the
growth rate is observed to have a strong orientation dependence.
This suggests a microscopic growth mechanism based on the atomic
ordering along (110) ledges onto (111) oriented terraces [26]. It has
been shown that it is possible to control selectively the occurrence
of vertical Si NWs rather than tilted ones by changing the evapo-
rated silicon fluence. In fact, at the beginning of the evaporation,
over a silicon fluence of 1.75 or 2 × 1018 atoms cm−2, almost all
of the NWs are perpendicular to the substrate, i.e. (111) oriented,
with a relative population of this family being about 80 - 90%, as
shown in fig. 1.6.a. By increasing the evaporated amount of silicon,
the percentage of perpendicular NWs decreases, and (100) or (110)
oriented NWs appear. The percentage of (111) oriented NWs can
decrease to values as small as ≈ 20% at the maximum fluence of
2.5 × 1018 atoms cm−2 while the sum of (100) and (110) inclined
NWs grows to values of ≈ 80% of the total population. The per-
centage of (111) oriented NWs at high Si fluence lowers because
from one side the growth rate of (111) oriented NWs falls and 2D
covering starts suppressing the shortest NWs and, at the same time
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Figure 1.7: (a) A sketch of a MBE chamber. (b) A tilted SEM image of
VLS type Si NWs grown by CVD using a Cu catalyst [35]. (c) dependance
of the velocity of etching on the diameter of the NWs in the CVD growth,
at different supersaturations [36].

(100) and (110) NWs appear at a later stages but grow much faster,
becoming quite long. In fact, NWs longer than a micrometer are
easily observed (see fig. 1.6.b).

The other most common technique for VLS-type growth is the CVD
technique. This technique allows to have high throughput and high
velocity of growth of NWs. As for PVD processes, a sample of Si
with gold droplets on top is introduced into a CVD reactor with a
base vacuum between 10−8 and 10−4 Torr. The sample is heated
up to the growth temperature, and a transfer gas is introduced into
the chamber (H2, Ar orN2). Then a precursor gas is introduced
into the chamber, since it contains the chemical species that has
to be deposited on the sample. The precursor gas partial pressure
into the camber spans in the range between 10−5 and 1 Torr, while
the total pressure can be from one up to three orders of magnitude
more. The technique is depicted in fig. 1.7.a. Metal hydride pre-
cursors are commonly used in the growth of nanowires by CVD,
given that metal hydrates such as SiH4 generally exist as gas phase
compounds [34]. Metal−organic precursors, such as diphenylsilane,
often used in solution phase and supercritical fluid phase nanowire
synthesis can produce carbonaceous byproduct, which may be dif-
ficult to completely separate from the nanowire product. For the
most common metal hydride, i.e. SiH4, at the surface of the metal-
lic droplet the following reaction occurs:

SiH4(g) → Si+ 2H2(g)
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Hence, the SiH4 molecule cracks preferentially on the liquid Si/metal
droplet, diffuses into the droplet and segregates at the interface
between the droplet and the Si NW. These chemical reactions are
thermally activated and, at the low temperature adopted for growth
(slightly above 360°C), the probability they occur at the substrate is
low. The metallic catalyst instead, lowers the activation energy for
breaking precursor molecules just on top of the droplet. This makes
NWs to grow faster than the substrate, differently from PVD tech-
niques, where the grow rate of NWs and of the 2D silicon overgrown
layer are of the same order of magnitude [26, 30]. The SEM image
of fig. 1.7.b shows an excellent example of Cu-catalized Si NWs
grown by CVD technique on a (111) Si substrate at 850 - 1100 °C
by using an atmosphere of H2 and SiCl4 [35]. The growth of thin-
ner nanowires is typically slower than the growth of thicker ones.
The dependence of the axial velocity of growth with the radius of
the Si NWs has been studied for the first time by E. Givargizov
[36], and is shown in fig. 1.7. The curves 1 → 4 of this figure cor-
respond to increasing molar concentrations of [precursor gas]/H2,
hence to increasing supersaturations of the semiconductor in the
droplet. The growth rate lowers because supersaturation vanishes.
These results show the existence of a critical radius, typical of the
material and of the growth conditions in the CVD growth, at which
the growth stops. For thinner radii the growth doesn’t occur. This
is the so called Gibbs Thomson effect, which happens also in CVD
VLS-type growth of Si NWs and has the same origin of the effect
described for PVD growth.
One benefit of bottom-up nanowire growth over top-down process-
ing is that nanowires grown by bottom-up methods may be doped
in situ during crystal growth by incorporating dopant precursors in
the nanowire synthesis procedure. Consequently, bottom-up grown
nanowires may not require destructive techniques such as ion im-
plantation to generate additional charge carriers. Ion implantation
can destroy atomic ordering in the implanted region of the semicon-
ductor crystal and requires subsequent thermal annealing steps to
restore crystal ordering [37]. At high doses, a permanent bending
of NWs in the direction of the beam after implantation has been
observed, due to a plastic deformation of the amorphized Si NWs
[38]. By the way, the understanding and control of doping concen-
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Figure 1.8: (a) Radial distribution of the active dopant atoms in a
VLS type Si NW. (b,c) 2D and 3D simulations of the calculated doping
profiles. [40].

tration, distribution, and activation is critical for the fabrication of
high-quality electrical devices for various future applications. There
are many nanowire systems in which the majority carrier type is
controlled by intentional doping, but in all cases the actual dopant
concentration, its spatial distribution, and the fraction of active
dopants are unknown [39]. E. Koren et al. measured the radial
distribution and diffusion of active dopant atoms in individual sili-
con nanowires grown by the vapor-liquid-solid (VLS) method [40].
For device fabrication, nanowires were suspended in solution by
sonication in isopropyl alcohol and drop-cast onto degenerately n-
doped silicon substrates with 200 nm of Si3N4 insulator on top, and
contact regions were defined by electron beam lithography. The
method they adopted for measurements is based on surface etching
of a portion of a contacted nanowire, followed by measurement of
the potential difference between the etched and the unetched areas
using the Kelvin Probe Force Microscopy (KPFM). This process is
repeated several times to gradually remove material, and the sur-
face potential difference (between the etched and unetched parts)
is measured for a number of nanowire radii. The radial dopant dis-
tribution is then obtained by fitting the measured potentials with
a 3D solution of Poisson equation. They found that the radial ac-
tive dopant distribution decreases by almost 2 orders of magnitude
over a radial distance of 25 nanometers from the wire circumference
to its center even when there is no indication for tapering. This is
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Figure 1.9: A dark field TEM image showing the gold diffusion from the
droplet into the VLS type NW during the growth [42].

shown in fig. 1.8.a. In addition, the measured dopant profile is con-
sistent with a diffusion coefficient of D ≈ 1× 10−19m2s−1. Figures
1.8.b and 1.8.c show respectively the calculated 2D and 3D dop-
ing profiles in the NW for this diffusion coefficient. This implies
that phosphorus (P) diffusion during the VLS growth is remark-
ably high and subsequent thermal annealing must be used when a
homogeneous dopant distribution is required.
Another drawback of VLS-type grown Si NWs is diffusion of metal
from the droplet into the wire during the Si NWs growth at the VLS
growth temperature, as shown in the TEM image of fig. 1.9 [42].
As previously mentioned, gold is the main used catalyst for VLS-
type NWs growth. Gold forms deep electronic states inside the Si
electronic bandgap, and these middle-gap states increase the prob-
ability to achieve Shockley-Hall-Read (SHR) recombination in Si,
hence this is detrimental both for electronic and photonic applica-
tions. It is a highly inert material, which makes cleaning of instru-
mentation contaminated with Au extremely difficult. For example,
traditional Au etchants include aqua regia (concentrated nitric acid
and hydrochloric acid solution), KI/I2 solution and alkali cyanide
solutions, all of which would corrode stainless steel equipment and,
in the case of alkali solutions, result in detrimental effects on semi-
conductor device performance, such as shifting of threshold voltage
[41]. Consequently, from the electronics point of view, there has
been significant research into alternative, complementary metal-
oxide-semiconductor (CMOS) production compatible, metal seeds
for catalyzed VLS semiconductor nanowire growth [43]. Acceptable
metals should have ionization energies far from the mid band gap
region of the semiconductor material. Si nanowire growth has been
demonstrated using a number of Si CMOS compatible metals in-
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cluding Bi [44], Al [45] and Cu [35]. Great care must be applied
even when using CMOS compatible metals for nanowire growth, as
these metals can still act as active dopants in the nanowire mate-
rial. Al, for example, can readily migrate through Si via interstitial
sites in the Si lattice, thus acting as an n-type dopant in Si. Fur-
thermore, Si migration through the Al metal is also possible and
may dramatically affect the electrical performance of the nanowire
material.
From a photonics point of view, gold middle-gap levels are efficient
states for carriers recombination, in fact the high probability of
SHR recombination process suppresses the low probability phonon-
assisted radiative recombination processes, hence there is no emis-
sion from VLS-type NWs. This means they are not generally suit-
able for photonics. Only few papers demonstrating luminescence
by VLS-based Si NWs are present in literature, e. g. made using
T iSi2 catalyst as metallic seed [46, 47]. Top-down strategies have
to be found in order to achieve light from silicon, e.g. EBL lithog-
raphy or metal assisted etching. The first strategy allows to obtain
NWs with diameters generally higher than the exciton wavelength
of the electron-hole pair, hence the NWs radial dimension has to
be subsequently shrinked via oxidation processes in order to obtain
quantum confinement of carriers and definitely luminescence from
NWs [19]. A promising possibility to obtain light from NWs is to
fabricate Si NWs by metal assisted etching. This is a low cost, top-
down etching technique, and allows to obtain structures potentially
thin enough for quantum confinement, regardless of any further ox-
idation of the NW. Moreover, since the chemical process adopted
is at room temperature, gold diffusion inside the NW is obviously
negligible. For these reasons metal assisted etching could be a good
candidate for low cost silicon photonics. Both of these techniques
will be discussed in the following paragraphs.

1.1.2 Electron Beam Lithography and Reactive
Ion Etching

Several lithographic processes are being considered to extend lithog-
raphy scaling beyond current UV lithography capabilities for semi-
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Figure 1.10: (a) A n-Si NW Field Effect Transistor, made by Elec-
tron Beam Lithography (b) Different Si NWs separated by a pitch of 14
nm[52].

conductor device manufacturing. These techniques include electron
beam lithography (EBL) [48], electron beam induced deposition
lithography (EBID) [49], X-ray lithography (XRL) [50], nanoim-
print lithography (NIL) [51] etc. EBL is at the head of many of
these techniques. It is generally used for fabrication of high resolu-
tion photomasks for deep ultraviolet lithography (DUV), extreme
lithography (EUV), and XRL. EBL has been shown to be capa-
ble of producing sub-10-nm features at sub-20-nm pitches [52]. In
fact, fig. 1.10.a displays examples of high-resolution EBL processes
used to produce planar strained n-Si NWs with a diameter of 8
nm in order to make a NW based Field Effect Transistor (FET).
Fig. 1.10.b shows that it is possible to create densely packed planar
NWs with an intermediate pitch of 14 nm. Arrays of dot structures
produced by EBL can be used to fabricate vertical nanowire arrays
through the use of a deep anisotropic etch [19]. The use of an etch
resistant material to form the dot structures is paramount to facil-
itate deep etching to form high aspect ratio nanowires. Typically,
Al2O3, Al, and SiNx have been used as etch masks for vertical Si
nanowire fabrication. Figure 1.11.a shows an SEM image of arrays
of vertical Si nanowires produced using an EBL process . In this
work, Walavalkar et al. [19] fabricated top-down, etched, silicon
nanopillars and further thinned them via self-terminating oxidation
to demonstrate photoluminescence as well as measure radiative life-
time with respect to reduction in pillar diameter. Pillars were de-

17



Figure 1.11: (a) An tilted SEM image of an array of EBL made Si NWs
(b) A TEM image of an oxidized Si NW showing a crystalline core of 4
nm [19].

fined by e-beam patterning an array of 30 - 50 nm disks in 75 nm of
polymethilmetacrhrilate (PMMA) resist on (100) Si. A 25 nm layer
of Al2O3 was deposited as a hard-mask via DC-magnetron sputter-
ing of aluminum with a 5:1 Ar/O2 process chemistry and patterned
via lift-off. Aluminum oxide is a resistant and chemically inert etch
mask [53] providing a selectivity of greater than 60:1 for a fluo-
rine etch chemistry. The anisotropic plasma etching is performed
in a mixture of gases i.e. SF6 (to etch) and C4F8 (to passivate).
Sidewall profiles are controlled by adjusting the etch to passivation
gas ratio. Figure 1.11.a shows the uniformity in postetch profile of
a pad of nanowires. After etching, the pillars were oxidized in a
dry ambient in the temperature range of 850 - 950 °C. Silicon core
diameters were measured using transmission electron microscopy
(TEM) with the silicon pillars positioned perpendicular to the in-
coming electron beam. In fig. 1.11.b it is possibile to observe a nm
silicon core width by utilizing the diffraction contrast between the
crystalline Si and the amorphous SiO2. There has been extensive
work regarding the two-dimensional oxidation of cylindrical silicon
structures [19]. This work demonstrated that cylindrical silicon pil-
lars exhibit a self-terminating core diameter and oxide thickness
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Figure 1.12: Self-inhibited oxidation of EBL made Si NWs, at different
starting diameters of the NWs [19].

that is a function of the initial silicon diameter and the tempera-
ture of the oxidation [54]. Several mechanisms have been proposed
to explain this effect predicated on the idea that during oxidation
at temperatures below 950 °C there is a lack of viscous flow of the
grown oxide. The lattice mismatch between the silica and silicon
creates a thin high-stress region at the Si−SiO2 interface prevent-
ing diffusion of oxygen molecules or kinetically ruling out further
oxidation. Figure 1.12 shows the final pillar diameters as a func-
tion of initial diameter (35 or 50 nm) and oxidation temperature.
By taking benefit of the self-terminating properties of nanopillar
oxidation they fabricated uniform 1 �m tall pillars with diameters
of the crystalline core between 2 and 8 nm. By varying the oxida-
tion temperature it is possible to decrease the core diameter and
definitely tune the light emission which is due to quantum confine-
ment of carriers. However, even if EBL technique is in principle
compatible with CMOS technology, the main issue in implementa-
tion of EBL-made NWs in VLSI is the low throughput of wafers
due to the high exposure time required for full wafer layouts. The
exposure time depends on several factors, e.g. the resist sensitivity,
the electron energy and dose required to change the resist phase,
etc. [55]. Multibeam EBL systems are under development, which
will increase wafer throughput either through beam-splitting tech-
niques, or through the use of instruments with multiple electron
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Figure 1.13: (a) Self organized metallic mesh deposited before the
MACetch process. (b) Si NWs after the MACetch. (c) Patterned metal-
lic mesh deposited before the MAC etch process. (d) Si pillars with a
uniform and controllable size[61].

sources; however, the technology is still not mature and has yet to
be implemented on a high volume manufacturing (HVM) scale at
the moment.

1.1.3 Metal Assisted Chemical Etching

Metal assisted chemical etching (MACetch) is a method of prepa-
ration of Si NWs which in the recent years has demonstrated suc-
cessful and attracted much interest for several reasons. In a typical
metal-assisted chemical etching procedure, a Si substrate partly
covered by a noble metal is subjected to an etchant solution com-
posed of HF and an oxidant agent. Typically, the Si beneath the
noble metal is etched much faster than the Si without noble metal
coverage. As a result, the noble metal sinks into the Si substrate,
generating pores in the Si substrate or, additionally, Si wires (see
fig. 1.13). Let’s sum up the strengths of MACetch on other tech-
niques. First, MACetch is a simple and low cost method for fab-
ricating various Si nanostructures with the ability to control vari-
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ous parameters e.g. length, diameter, cross-sectional shape orien-
tation, doping type and dopant concentration. Then, it is possible
to control the orientation of NWs relative to the substrate. In con-
trast, in VLS-type growth of Si NWs, because of the existence of
equivalent directions of growth, it is difficult to grow epitaxial Si
nanowires with uniform orientation relative to the surface of the
Si substrate. For example, the growth of [100] vertical NWs only
on a (100) substrate isn’t possible without a template. On the
other hand, it is well known that electrochemical etching occurs on
[100] directions and, although MACetch is intrinsically anisotropic,
methods have been developed to control the etching direction also
in non (100) substrates [56]. Moreover, the crystalline quality of
Si nanowires fabricated by metal-assisted etching from single crys-
talline substrates is generally high. Although their surfaces are
typically rougher than those of nanowires obtained by VLS growth,
the nanowires do not contain the obvious crystallographic defects
induced by solution-based etching, while dry etching (e.g. RIE)
tends to introduce defects in a region close to the etched Si sur-
faces [57]. Furthermore, VLS based methods can only be used to
grow structures with a circular cross section, while by MACetch is
possible to make higher surface to volume ratio structures [58, 59].
Finally, there is no obvious limitation on the size of the diameter
of these NWs. It is possible to realize NWs with diameters scaling
down from 1 μm to 5 nm [60]. However, there is a well known rule
that limits the feature size of structures obtained from MACetch,
due to the presence of a space charge of width Wsc localized at the
solution/Si interface [61].

Etching mechanisms

The first demonstration of MACetch in Si was reported in 1997.
Porous Si was fabricated by etching an aluminum (Al) covered Si
substrate in a solution composed of HF, HNO3 , and H2O. The
incubation time necessary for the formation of porous Si was dra-
matically decreased due to the presence of the Al film on the surface
of the Si substrate [62]. The widely used metal-assisted chemical
etching method was first investigated in some detail by Li and Bohn,
who found that a thin layer of noble metal (e.g., Au, Pt, or Au/Pd
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Figure 1.14: Hole injection processes during the MACetch. [61]

alloy) sputtered on the surface of a Si substrate catalyzed the etch-
ing of Si in a mixed solution containing HF, H2O2, and ethanol,
resulting in straight pores or columnar structures [63].

Fig. 1.14 depicts the scheme of MACetch process: a Si substrate is
in contact with an isolated noble metal particle which is etched in
an etchant consisting of HF and H2O2 . The chemical or electro-
chemical reactions occur preferentially near the noble metal. It is
well accepted that H2O2 is reduced at the metal (1), which acts as
a cathode:

H2O2 + 2H+ → 2H2O + 2h+ (1.2)

Li and Bohn [63] and Harada et al. [64] proposed that the reduction
of protons into hydrogen was another cathode reaction in addition
to reaction 1.2:

2H+ → H2 ↑ +2h+ (1.3)

Then, holes generated due to the reduction of the oxidant diffuse
through the noble metal (2) and are injected into the Si that is in
contact with the noble metal. At the anode, the Si substrate is
oxidized and dissolved (3). There are numerous models proposed
for the dissolution process of Si (anode reaction), which can be
catalogued into three groups:
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Si+ 4h+ + 4HF → SiF4 + 4H+ (1.4)

SiF4 + 2HF → H2SiF6 (1.5)

(RII) Direct dissolution of Si in divalent state [61]:

Si+ 4HF−
2 → SiF 2−

6 + 2HF +H2 ↑ +2e− (1.6)

(RIII) Si oxide formation followed by dissolution of oxide [61]:

Si+ 2H2O → SiO2 + 4H+ + 4e− (1.7)

SiO2 + 6HF → H2SiF6 + 2H2O (1.8)

Model RI deals with the direct dissolution of Si in tetravalent state
[61]. Model RII and RIII differ in whether Si oxide is formed at
the surface of the Si substrate before the dissolution of Si (in RIII)
and whether H2 is generated accompanying the dissolution of Si (in
RII). It seems that model RII happens because hydrogen is gener-
ated in a typical etching. However, whether model RIII occurs
simultaneously remains an open question due to the difficulty in
in situ exploration of the surface state and the uncertainty in ex
situ study of the Si surface state (e.g., oxide might form during the
handling of the etched structure for TEM characterization). Charge
transfer is necessary for the oxidation and dissolution of Si. Hole
injection is well-documented as a charge transfer process for metal-
assisted chemical etching of Si. In addition, due to holes diffusion
at the metal / Si interface (see fig. 1.14), the sinking in of a noble
metal particle is sometimes surrounded by a microporous structure
[65]. In this scenario, the noble metal acts as a microscopic cath-
ode on which the reduction of the oxidant occurs (cathode reaction
1.2). The generated holes are then injected into the Si substrate in
contact with the noble metal. Accordingly, the Si atoms under the
noble metal are oxidized due to the hole injection and dissolved by
HF (anode reactions 1.7 and 1.8). From the energy point of view,
H2O2 can inject holes into the valence band of Si (fig. 1.15.a), inde-
pendent of the doping type and doping level. The electrochemical
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Figure 1.15: (a) A comparison between the chemical potentials of
different oxidants inf Si[61]. (b) Energy of the chemical potential of
H2O2/H2O compared to the silicon band edges[66]. (c) Energy levels of
Si band edges compared to the potential of five redox metallic systems[68].

potential of H2O2 is much more positive than the valence band of
Si and more positive than oxidants usually used in stain etching of
Si, e.g., HNO3, Fe(NO3)3, KMnO4, KBrO3, K2Cr2O7, etc.. [61].

It is important to know that the etching of Si by HF/H2O2 does
occur, but the etching rate is lower than 10 nm/h in an etchant
with a concentration of H2O2 much higher than that used in metal-
assisted chemical etching [66]. The cathode reaction 1 occurs faster
on the surface of noble metals than on a bare silicon surface. Sev-
eral noble metals e.g. Au, Pt, Pd and Ag have been widely used to
catalytically reduce H2O and O2. Once the oxidant is reduced on
the surface of noble metal, holes are injected into the Si substrate.
Chattopadhyay et al. [67] sketched the energy levels of Si substrate
and the electrochemical potential of H2O2/H2O and suggested that
holes were injected deep into the valence band 1.15.b. Peng et al.
qualitatively compared the electrochemical electron energy levels of
the Si band edges and the electrochemical potential of five redox
systems (Figure 1.15.c) and suggested that the reduction of Ag took
place around existing Ag nuclei and Si was oxidized and dissolved
[68]. The charge transfer between Si and noble metal would be
heavily affected by the surface band bending of Si, which hasn’t,
however, been included in the models proposed by Chattopadhyay
et al. and Peng et al. Meanwhile, the surface band bending of the
Si substrate is determined by the doping type and doping level of
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Figure 1.16: Two mass transport mechanisms proposed for etching prod-
ucts during the MACetch process [61].

the Si substrate, the surface state of Si substrate, the Fermi level
and size of noble metal, and the component of the etchant. These
factors have not been discussed in the etching mechanism of Si in
literature. It has been speculated that the Si atoms are oxidized
and dissolved at the interface between the noble metal and the Si
substrate and that the reagent and byproduct diffuses along this
interface (see Model I in fig. 1.16) [61]. This assumption is plau-
sible for the specific case in which the etching is assisted by noble
metal particles with small lateral size so that the diffusion of the
reagent and the byproduct along the interface between the noble
metal and the Si involves only a short distance and may be eas-
ily accomplished. On the other hand, there is another possibility
concerning mass transfer during the etching. That is, the Si atoms
that are in contact with a noble metal are dissolved in the no-
ble metal and then diffuse through the noble metal to the noble
metal/solution interface where the silicon atoms are oxidized and
etched away at the noble metal/solution interface (see Model II in
fig. 1.16). If the Si is covered with a noble metal with a relatively
large lateral size (e.g., larger than 1 m), lateral diffusion of the
reactant and the byproduct along the interface of Si and the noble
metal (Model I) is a long distance diffusion process, while diffusion
of Si atoms through the metal involves a relatively short distance
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Figure 1.17: A cross sectional SEM showing the dendrites formation
over SI NWs occurring during the MACetch in AgNO3/HF solution.

(few nanometers).

The most common (and easiest) way to obtain a metal deposition
on a Si substrate is by using solution of metallic salts. Typical
examples are HF/AgNO3[69] or HF/KAuCl4 [70]. Unfortunately
dendrite structures of the deposited metal formed when a Si sub-
strate was immersed in a solution containing HF and M+

n (M = Ag
or Au) for a relatively long time (e.g., longer than 30 min), in addi-
tion to the etching of the Si substrate (see fig. 1.17) [69]. After the
formation of Si NWs these dendridic structures have to be removed
via etching processes i.e. HNO3 bath (for Ag removal), or acqua
regia bath (for Au removal) or using KI/I2 solutions (for both of
them). As mentioned before, these additional chemical processes
are detrimental for Si NWs because of their induced surface modi-
fication. These further processes can have detrimental effects both
on optical and electrical properties of Si NWs. Due to their stabil-
ity in the etchant solution, Au meshes allow the fabrication of Si
nanowires with ultralarge aspect ratios (e.g., larger than 200) [60].
When fabricating Si nanowire arrays with a Ag mesh, which can
slowly be dissolved by the etchant, new pores may form in the mesh
leading to unintended Si nanowires at the location of these pores.
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Zigzag nanowires

To realize the full potentials of Si NWs, new Si NWs building blocks
with curved shapes are desirable, because they may be implemented
into novel devices with fewer welding joints and improved electric
connection. This kind of MACetch Si NWs may have unique ad-
vantages in device fabrication. Chen et al. reported the wafer-scale
synthesis of single-crystal zigzag Si NWs with 150°, 125°, or 90°
turning angle. These three type of zigzag Si NWs have been made
by controlling the crystallographic orientation of the Si wafer, reac-
tion temperature, and etchant concentration [56]. The SEM images
of fig. 1.18.a-b-c show the scanning electron microscopy (SEM) im-
ages of a series of Si NW arrays that were synthesized on a (111)-
oriented Si wafer by adjusting the etching temperature. All of these
samples were prepared by putting a Si wafer in a etchant solution
containing 4.6M HF and 0.04M AgNO3 for 40 min. At low etching
temperature, i.e. 15 °C, Ag nanoparticles (NPs) keep moving to-
gether along one direction and create arrays of straight Si NWs (see
fig. 1.18.a). In sharp contrast, at the etching temperature of 55 °C,
the movement directions of Ag NPs may change and curved Si NWs
can be found (see fig. 1.18.b). Etching at 75 °C yields nanowires
dominantly in the zigzag structure, as shown in fig. 1.18.c. Zigzag
tracks are formed by periodic switches in the moving directions of
the Ag NPs.The relative energies involved in Ag NP movements
along various crystallographic orientations in Si wafer play a sig-
nificant role in the formation of the curved Si NWs. The most
preferred migration direction of Ag NPs in the Si wafer is the [100]
direction[62, 71]. Indeed, when (100)-oriented Si wafer is used as
a substrate, the products are mostly straight Si NWs even at rela-
tively high etching temperatures and etchant concentrations. How-
ever, when a non-(100) surface, in particular the more inert (111)
surface is used as the starting surface, the [100] etching orientations
are no longer the only etching direction because of the large angle
between the [100] and the [111] directions. Generally, the Ag NPs
would first start moving perpendicular to the wafer along the [111]
directions and then they either may keep moving along the [111]
directions or may overcome higher potential barriers to move along
other directions such as [100] or [113]. Two possible mechanisms
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Figure 1.18: (a,b,c) Cross sectional SEM images showing MACetch
zigzag Si NWs at the temperature of 15°C, 55 °C, 75 °C respectively. (d)
Possible mechanisms proposed for the formation of these zigzag structures
by MACetch [56].

for the formation of the novel zigzag structures are proposed below
and schematically illustrated in fig. 1.18.d:
(1) Single-particle etching mechanism: due to perturbations at the
reaction sites such as hydrogen bubbles, etc., individual Ag NPs
moving initially along the [111] direction might switch to another
nearby direction such as [113]. However, since the [113] orientation
is not the most energetically favored orientation, as etching time
increases, the Ag NPs may switch back to [111]. Repeating this
perturbation process, the Ag NPs periodically switch their moving
directions to etch out zigzag Si NW arrays as shown in fig. 1.18.d-I.
(2) Multiparticle etching mechanism: At higher etching temper-
atures/silver ion concentrations, the etching activity is enhanced,
and more Ag NPs can overcome the potential barrier to change their
moving directions from the original [111] direction to the lowest en-
ergy [100] direction and steadily move along the most preferred
directions. Different Ag NPs at different locations might collec-
tively move along one of the three different [100] directions. The
merge of the moving tracks along the [100] and the [111] directions
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would result in Si NWs with a 125° turning angle (see fig. 1.18.d-
II). Similarly, the Si NWs with 90° bends are formed by the merge
of Ag NPs moving along different [100] directions, as shown in fig.
fig. 1.18.d-III.

Controlling nanowire dimensions

The question of the control of the position and the diameter of
nanowires remains to be solved. Several efforts have been spent in
making nanowires with a well defined radius, since the etching us-
ing metallic salts (e.g. AgNO3) is a random process and therefore
the mean radius of the NWs is not controllable. Huang et al. de-
veloped a simple but versatile method to fabricate highly ordered
Si nanowires, enabling control of the diameter and length of the
nanowire, as well as the density of nanowire arrays [72]. On the
basis of this method, several approaches [73, 59, 74] have been de-
veloped to fabricate Si nanowire arrays with various diameters, Si
nanowires with sub-10 nm diameter, vertically aligned non-(100) Si
nanowire arrays relative to the substrate, as well as SiGe superlat-
tice nanowire arrays [75]. Obviously, a key point is to control the
features of the metal structure which will define the etched region.
At the same time, the metal structure will define the position and
features of the remaining structures of silicon after the etching. This
approach is depicted in fig. 1.19.a. First, a monolayer of polystyrene
(PS) spheres is assembled on a Si substrate. Subsequently, size re-
duction of the PS sphere is achieved by a RIE process. Each sphere
becomes smaller, but they maintain their close packed order. Then,
a noble metal film is deposited by thermal evaporation onto the
substrate covered by these etched spheres. This process results in
a continuous layer of noble metal with a periodic hexagonal array
of pores. This is the metallic mesh for the etching. The diameter
of the pores is determined by the remaining diameter of the RIE-
etched PS spheres. Then, an etching process in HF/H2O2 occurs.
During the etching, the noble metal mesh sank in the substrate,
leaving the NWs-like unetched Si structures. Figure 1.19.b shows
a typical SEM image of a Si NW array obtained by this method.
The average diameter of Si NWs matches the diameter of the etched
spheres. By using Langmuir–Blodgett PS NPs deposition technique
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Figure 1.19: (a) A versatile method to control diameter and position
of MACetch Si NWs, by using PS lithography. (b) A tilted SEM of the
obtained array of Si NWs [72].

is possible to deposit PS densely packed spheres as small as 150 nm.
Then, with RIE etching diameters of etched spheres (therefore of
Si NWs) as small as 50 nm. This is roughly the resolution limit for
the diameter of NWs by this technique. By this method, Si NWs
with an aspect ratio larger than 30 could be obtained. Changing
the length is trivially obtained by changing the etching time, since
the length of the etched region goes linearly with the etching time.
These structures, are slightly tapered. This can be attributed to
a lateral etching occurring during the whole process, or to a shape
evolution of the Ag mesh. However, the nanosphere approach is
difficult to realize for Si NWs with diameters smaller than 20 nm.
A more performant method to obtain thinner NWs with radii be-
low 20 nm consists in using an anodized aluminum oxide (AAO)
template [76]. Ultrathin AAO membranes with regular hexagonal
ordered arrays of pores were used as masks for the surface prepat-
terning of silicon substrates prior to MACetching of silicon and
allowed to circumvent the problems associated with the conven-
tional nanosphere-based lithographic approach. AAO membranes
with pore sizes ranging from 20 to 350 nm and pore densities from
5 × 108/cm2 to 3 × 1010/cm2 can conveniently be prepared by an-
odization of aluminum [77]. The experimental procedure is shown
in fig. 1.20. First, an ultrathin AAO membrane/polystyrene (PS)
composite (thickness about 300 nm) was placed on a (100) Si sub-
strate (fig. 1.20.a), then PS that was spin-coated to stabilize ul-
trathin AAO membrane was removed by oxygen plasma. Subse-
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Figure 1.20: Experimental procedure to make sub 10 nm Si NWs by
using an Anodized Aluminum Oxide (AAO) template [76].

quently, reactive ion etching (RIE) was performed to pattern the
surface of Si (100) substrate under SF6/O2 plasma and the AAO
template is removed (fig. 1.20.b). Subsequently, a thin layer of
silver or gold was deposited onto the patterned Si (100) substrate.
The sputtering process resulted in a uniform coating of metal both
on the top surface and on the pore bottom of the patterned Si
(100) substrate, but not on the side walls of the pores. The diame-
ter of the pores in the metal film caused by the etchpits decreased
as a function of deposition time (fig. 1.20.c). Finally, ordered ar-
rays of vertically aligned Si NWs on Si (100) substrate were ob-
tained by performing MACetching of silicon in a mixture solution
(HF/H2O2/H2O, volume ratio: 10/5/35) at room temperature, in
dark conditions for 30 s (fig. 1.20.d). Figure 1.21.a shows a rep-
resentative cross-sectional SEM micrograph of a sample after RIE
treatment. It shows that the hexagonal pattern of the AAO mask
was successfully transferred onto the underlying Si substrate with a
high degree of fidelity. It is expected that both the silver film on the
surface of silicon substrate and the silver particles at the bottom of
the holes would participate in the chemical etching of the under-
lying silicon. Interestingly, however, it turns out that the rate of
chemical etching by the silver film is much faster than that of silver
particles, resulting in arrays of axially aligned Si NWs on a silicon
substrate, as shown in the SEM image shown in fig. 1.21.b. where
a silver particle on top of each Si NW can be seen. It can be argued
that the Si/film contact has an energy barrier height smaller than
the Si/particle contact one. Accordingly, it is easier for electrons to
transport through the Si/film contact than through the Si/particle
contact. Therefore, the etching assisted by the metal film might
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Figure 1.21: (a) Tilted SEM image showing a Si substrate partially
covered by an AAO mask after a RIE process. Pits on Si surface are
clearly visible. (b) Tilted SEM image of sub 10 nm Si NWs obtained by
MACetch process in H2O2/HF applied to a Si substrate with a patterned
silver layer. This pattern is transferred by the AAO mask. (c, d) Evo-
lution of the Si NWs diameter as a function of the metal film thickness
[76].
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Figure 1.22: (a) Cross-sectional TEM image of a layer of Si/Ge supper-
lattice (40 periods) on Si substrate. (b) SEM image of Si/Ge nanowires
fabricated by combining an AAO mask and a MACetch process. (c,inset
of c, d, inset of d) Low, medium and high magnified respectively TEM
images of a Si/Ge superlattice NW. The inset of c and the inset of d
show the high crystallinity both of Si and of Ge and the maintained het-
eroepitaxy also after the etching [75].

be faster than that by metal particles. Alternatively, it might also
be speculated that the surface of the etchpits were modified by the
reactive ion etching process in such a way that metal-induced etch-
ing is not possible any more. As discussed earlier, it is possible
to control the diameter of Si NWs by varying the thickness of the
metal film, since the diameter of Si NWs in the present process is
determined by the diameter of the remaining pores in the metal
film. Figures 1.21.c and 1.21.d show the evolution of the Si NWs
diameter as a function of the metal film thickness. The average
diameter is approximately inversely proportional to the thickness
of the metal film, with a minimum achievable value of (8 ± 2)
nm. In addition to Si nanowires, SiGe nanowires can also be fab-
ricated using this method. Geyer et al. [75] applied the method to
a substrate consisting of 40 periods of alternating Si (8.4 Å) and
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Ge (2.1 Å) layers (fig. 1.22.a) and obtained sub-20-nm-diameter
nanowires containing a Si/Ge superlattice (fig. 1.22.b). HR-TEM
investigations showed a smooth surface of the Si/Ge superlattice
nanowires (fig. 1.22.c) and a high-quality crystalline structure (fig.
1.22.d). After etching, the Si/Ge superlattice in an etched nanowire
maintained the atomic structure and an abrupt Si/Ge interface ex-
actly as in the unetched substrate. This result confirmed that the
MACetching did not disturb the crystallographic structure of the
Si/Ge superlattices.

Amorphous and Polycrystalline nanowires

It’s clear that the MACetch technique is a performant technique to
prepare Si NWs starting from crystalline Si. Moreover, S. Chang
et al. demonstrated that the MACetch method when used with
metal mesh with large hole spacings can be also extended to create
arrays of polycrystalline and amorphous vertically aligned silicon
nanowires by confining the etching to proceed in the normal direc-
tion to the substrate surface [74]. This is a fundamental aspect
for low-cost nanotechnology, since the ability to pattern wires from
polycrystalline and amorphous silicon thin films opens the possi-
bility of making silicon nanowire array-based devices on a much
wider range of low-cost substrates. Figure 1.23 shows etching re-
sults for both polycrystalline and amorphous silicon. In the case of
isolated gold particles on polycrystalline silicon, etching proceeded
in different directions for each particle. As shown in Figure 1.23.a,
only a certain number of Au particles are able to sink into the
polysilicon thin film and then sink into the underlying single-crystal
(100) Si substrate. In fact, vertical etching was observed only in
the underlying substrate. This was expected as isolated catalyst
particles tend to move in the [100] direction. As a result of the
random etching directions in the polycrystalline silicon, some of
the Au particles never reached the polysilicon/substrate interface.
For isolated gold particles on amorphous silicon, etching appeared
to be mostly vertical with the particles moving collectively in the
same direction. Although the actual etching direction could not
be determined as the resulting structure lacked structural integrity
and collapsed very easily, the vertical etching in the amorphous
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Figure 1.23: (a) Cross sectional SEM image of the structure formed
after a MACetch of isolated gold particles in polycrystalline Si, (b) or af-
ter a MACetch of isolated gold particles in amorphous Si. (c) Cross sec-
tional SEM image of the structure formed after a MACetch of a template-
prepared gold mesh in polycrystalline Si (d) or in amorphous Si[74].
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silicon layer can be confirmed by the relatively high ratio of Au
particles that reached the amorphous/substrate interface and con-
tinued to catalyze etching into the (100) Si substrate, as shown in
Figure 1.23.b. The collective movement suggested some type of in-
teraction with neighboring particles. In the case of metal meshes
with relatively large hole spacings, etching proceeded in the verti-
cal direction for both polycrystalline and amorphous films, as ex-
pected. 1.23.c and fig. 1.23.d show polysilicon and amorphous
silicon nanopillars, respectively. These pillars or wire arrays made
from polycrystalline and amorphous films are of special interest for
device applications because they can be formed on a very wide array
of substrates, including large-area, conformable substrates, and are
not restricted by the use of costly single crystal wafers. In addition,
polycrystalline and amorphous films can be deposited at relatively
low temperatures, allowing further flexibility in substrate selection
and the possibility of stacking of nanowire arrays without severe
constraints. For example, solar cells based on planar amorphous
silicon [78] and microcrystalline silicon [79] have well-established
commercial markets. High surface-to-volume ratio nanostructures
based on amorphous and polysilicon patterned arrays may be de-
sirable as potential materials for solar cell photoanodes. Detailed
examples of low cost Si NWs made solar cells will be shown in the
next section, together with other device applications of Si NWs in
sensors, nanoelectronics and optics.

1.2 Device applications

The new optical and electrical properties due to the specific di-
mensionality and predominant surface phenomena in Si NWs have
been used in the last decade for different applications. As an ex-
ample, finding a way to decrease the cost of solar cells is a crucial
aspect of energy harvesting. Although most commercial solar cells
are fabricated from silicon, and are made of planar p-n junctions,
silicon has a relatively low absorption coefficient throughout much
of the visible and near-infrared parts of the electromagnetic spec-
trum. Since the vast majority of the light from the sun is in this
range, silicon-based solar cells must be thick in order to collect most
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of the incident photons. For example, a silicon cell must be sev-
eral micrometers to millimeters thick to absorb 90% of the incident
light at wavelengths from 700 to 1100 nm, respectively, which com-
prise about one-half of the solar energy available above the band
gap of silicon. Si NWs are a good solution to use less silicon in
solar cells . Inf fact, it has been demonstrated that forests or quasi
random arrays of aligned Si NWs can trap light very well, due to
light scattering in the NWs media. Moreover, the collection effi-
ciency of charge carriers generated at a given distance from the
junction depends on the minority carrier diffusion length in the
n- and p-type quasineutral regions. The detrimental effect of the
recombination current in solar cells, can be avoided by realizing
radial junctions in NWs with a diameter less than the recombina-
tion length of the minority carriers. This can definitely increase
the collection of photo-generated carriers. Then, the high surface
to volume ratio and the large percentage of dangling bonds on the
surface of Si NWs can increase their availability to be functional-
ized with suitable molecules which detect selectively other gases or
biological molecules. Once functionalized and once inserted into
an electronic device, Si NWs show different electronic conduction
properties depending on the coupling with these molecules. This
makes them promising sensors at the nanoscale. These surface ef-
fects, which will be treated in the next paragraph gave rise to a
strong interest in the biological science which, in recent years, is
mixing his knowledge with nanotechnology. Obviously, their small
dimensions are interesting for nanoelectronics. Several attempts of
making MOS-like devices with silicon nanowires have been made in
the last years. In fact, scaling down CMOS technology is a key as-
pect of progress in IC factories, and has its paradigm on the Moore’s
law. On the other side, Si NWs with radii of a few nanometers are
suitable for photonics, since their radial dimension are less than
or comparable with the De Broglie wavelength of the electron-hole
excitonic pairs in Si. In fact, light emission from Si NWs is achiev-
able and has been demonstrated by different groups, with different
explanations, i.e. quantum confinement[19, 46], impurities[80], de-
fects and surface states, quantum shaped roughness and molecular
complexes on their surface [81, 82]. Regardless of the origin of this
luminescence, an aspect which is still lacking in literature is elec-

37



trical pumping of Si NWs. To this purpose, we will see in chapter
3 that electroluminescence in Si NWs is possible, and can give rise
to low cost emitters for silicon photonics.

1.2.1 Solar cells

All the world is requiring more and more energy every second. Let’s
imagine that writing this thesis too on my laptop is requiring power
in this very moment, printing it will require paper and ink, that
have to be made, hence more energy and so on. Different renew-
able sources (wind, solar, water waves), or even low impact non-
renewable energies (geothermal, hydrates, biofuels, nuclear power
plants, etc..) have been proposed for energy harvesting in the last
years. It’s quite obvious that only the right combination of these
different energetic solutions, together with an effort on lowering the
energy demand (LED lighting, low power computers, high efficiency
cars, etc.), could be the answer to the energetic problem. Crys-
talline silicon is perfect for outdoor light absorption and carriers
collection but, in the visible and IR range has got a low absorption
coefficient, hence generally a large amount of Si is required for con-
ventional solar cells. On the contrary, Si NWs could be a promising
solution for low cost and high efficiency 3rd generation solar cells.
The idea, and the final goal, is to have a small amount of high
purity and crystalline grade Silicon on whatever kind of low cost
substrate. High aspect ratio nanorods allow the use of a sufficient
thickness of material to obtain good optical absorption while si-
multaneously providing short collection lengths for excited carriers
in a direction normal to the light absorption. The short collection
lengths facilitate the efficient collection of photogenerated carriers
in materials with low minority-carrier diffusion lengths [83]. On the
other side a NWs medium in which light can scatter can increase
light absorption and the efficiency to collect light not normal to the
surface of the solar cell. In fact, sun is not a laser! Most of the
times, light collected from solar cells is scattered by the clouds, or
trivially sun is not perpendicular to the solar cells. Let’s have a look
on how a solar cells made of NWs can work, and let’s start with the
radial p-n junction. Figure 1.24.a and 1.24.b show a schematic pic-
ture and cross-sectional scanning electron micrograph (SEM) of a
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Figure 1.24: (a) A scheme of a coaxial p-n junction based on Si NWs.
(b) Cross-sectional SEM view of a Si NW n-p core-shell solar cell after
the amorphous silicon deposition and crystallization. (c) BF TEM view
of this coaxial p- junction. (d) Current-voltage characteristics of this
solar cell [84].
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Si NW n-p core-shell solar cell after the amorphous silicon LPCVD
deposition and crystallization. Such a device has been made by E.
Garnet et al. [84]. The device shows 18 �m long nanowires with
excellent vertical alignment, uniformity, and packing density, with
about 50% areal density. The typical wire diameter (including the
shell) from the SEM is 350-400 nm, which gives a shell thickness of
about 150 nm on top of the 50-100 nm initial nanowire core. The
coaxial junction of a thinner core-shell NW is clearly visible in the
TEM image of fig. 1.24.c. In this bright field image, the single
crystalline core is aligned to a zone axis, leading to much stronger
diffraction and thus darker contrast compared to the polycrystalline
shell. Figure 1.24.d shows the electrical output characteristics of a
Si NW array PV. Under AM 1.5 illumination, the device has an
open circuit voltage (Voc) of 0.29 V, a short circuit current (Jsc) of
4.28mA/cm2, and a fill factor (FF) of 0.33 for an overall efficiency
of 0.46%. This low efficiency is probably due to a low Voc due to an
interfacial recombination. The high surface to volume ratio in the
nanowire arrays is expected to exacerbate recombination, making
surface passivation even more important for these devices than for
bulk silicon solar cells. The large surface roughness could also lead
to enhanced depletion region traps, especially since this surface is
located directly at the p-n junction in the final device. Obviously,
future studies will focus on limiting this interfacial recombination
by passivating the surface and reducing roughness while increasing
the p-Si conductivity to minimize the series resistance. Scattering
of light in Si NWs media has been studied both theoretically [85]
and experimentally [86]. Figure 1.25 shows an example wire array
of each of the seven patterns of Si NWs investigated by Kelzen-
berg et al [86]. Following peel-off, the transmitted optical diffrac-
tion patterns (third row) were used to orient the wire lattice pat-
terns relative to the tilt directions (θx, θy), and angularly resolved
transmission measurements were carried out (bottom row). Owing
to the vertical orientation of the wires, all of the arrays showed
lower absorption at normal incidence (θx, θy = 0), than at other
angles. The well-aligned rows and columns of wires produced by
periodic arrangements led to greater areal packing fractions (and
thus higher overall optical absorption) than were obtained by quasi-
periodic or random arrangements. However, the periodic arrange-
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Figure 1.25: (first and second rows) Top view and tilt-view SEM im-
ages of arrays of NWs made by EBL and RIE. Moving from the left
to the right the grade of disorder in their distribution increases. (third
row) Transmitted optical diffraction patterns of a laser light at 488 nm
scattering on this arrays. (bottom row) Angularly resolved transmission
measurements [86].

ments also showed a strongly anisotropic angular absorption profile,
which would produce low-absorbing “dead spots” in a photovoltaic
device. For Si wire arrays to achieve maximal absorption over the
relevant wavelengths and incidence angles of solar illumination, the
reflectivity of the Si surfaces must be reduced, and the light passing
between the wires must be randomized. Figure 1.26 shows the the
light-trapping tricks that can be used to maximize the absorption
of Si wires. The wire array can be placed in a mirror like Ag back
reflector (fig. 1.26.a-b) to emulate a metal back contact as well
to increase the optical path length within the array. Although this
step substantially increases the absorption of the array, the normal-
incidence absorption remains significantly weaker than that at off-
normal-incidence angles. To further improve absorption, two more
light-trapping measures can be implemented on a different portion
of the wire array. For example, a SiNx antireflective coating can
be conformally deposited onto the tops and sides of these wires. In
addition, Al2O3 particles (900 nm nominal diameter) were added
to the polydimethylsiloxane (PDMS) infill, to scatter the light that
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Figure 1.26: (a) Some tricks useful to increase the path of the light in
the Si NWs media, by using a back reflector (b), or a SiNx antireflective
coating and Al2O3 particles (c), or a combination of all these methods
(d). (e) Above-bandgap incident photocurrent in a day by these different
solar cells, compared to a commercial solar cell made by the same amount
of Si of the Si NWs solar cell [86].

might otherwise pass between the wires (fig. 1.26.c). These ma-
terials were chosen because they have negligible absorption across
the visible, and thus enabled the direct observation of absorption
enhancement within the Si wires themselves. These light-trapping
measures virtually eliminate the angular sensitivity of the wire ar-
ray’s absorption, and increase the peak normal-incidence absorption
to 0.92. When placed on a Ag back-reflector, the array’s peak ab-
sorption increased to 0.96 (fig. 1.26.d). Figure 1.26.e shows the
above-bandgap incident photocurrent (proportional to the mean
number of photon absorbed) in different hours of the day for these
different kinds of solar cells depicted in fig. 1.26.a-d. Data are
compared to a commercial solar cell with the same amount of sili-
con. On the basis of bulk Si properties and neglecting interference
effects, two theoretical absorption limits were calculated for the
equivalently thick Si slab (fig. 1.27): ASi, which results from the
use of bare, non-textured Si surfaces (black), and ALT , which re-
sults from ideal classical light-trapping at the Si surfaces (blue).
The latter case, the “ergodic limit”, is the maximally achievable
absorption (in the ray-optic limit) of a planar-sheet absorber that
uses ideally random (for example, Lambertian) light-trapping [87].
As shown in fig. 1.27.a, the wire array’s absorption exceeded the
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Figure 1.27: Theoretical calculations (a) and experimental measure-
ments (b) of the wire array optical absorption, exceeding the ergodic limit
(due to classic random scattering) at high wavelengths [86].

planar light-trapping ergodic limit for infrared wavelengths (>800
nm). This behavior exemplifies a useful property of microstruc-
tured, non-planar absorber geometries (including wire arrays), in
that they can achieve greater absorption per material volume than
achievable by a randomly textured, planar-sheet absorber geometry.
This effect has been simulated for Si wire arrays [85]. Figure 1.27.b
shows, using the AM 1.5D spectrum at normal incidence, that the
enhanced infrared absorption of the Si wire array yielded a greater
overall absorption of above-bandgap photons than the equivalently
thick, ideally light-trapping planar absorber. Taking all measured
incidence angles into account, the day-integrated absorption of the
wire array slightly exceeded that of the planar light-trapping case.
Thus, the Si wire-array geometry can enable solar cells that reach,
and potentially even exceed, the theoretical absorption limit, per
volume of Si, of ergodic-limited random light trapping.

1.2.2 Sensors

The large amount of surface charge, which is a disadvantage in Si
NWs junctions for solar cells, can be an important resource for sens-
ing. The sensors based upon Si NWs could be generally understood
in terms of change of surface charge of the NWs with the presence
or absence of molecular species [88]. Because of the high surface-
to-volume ratio of the NWs, their electronic conductance may be
sensitive enough to the surface species that single molecule detec-
tion becomes possible. Z. Li et al. [88] demonstrated the detection
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Figure 1.28: Optical microscopy (a) and SEM top view images (b and
c) of a DNA-sensor based on a Si NWs sensing part. (d) A scheme of
the different steps of functionalizing this Si NW in order to link specific
sequences of DNA [88].

of DNA molecules based on their intrinsic charge by using Si NWs
fabricated by a standard “top-down” process. Si-based nanoscale
sensors with a set of Si NWs 50 nm wide, 60 nm high, and 20 μm
long were fabricated using silicon-on-insulator (SOI) wafers. Figure
1.28.a-c shows a typical microscopic image of a sensor chip and the
scanning electron microscope (SEM) images of the Si NW portion.
Si NWs have been doped with boron concentration between 1016

and 1019 at/cm3. Finally, to eliminate any interference from the
electronic leads during sensor tests, the area outside of the Si NW
regions was coated with a 100 nm silicon oxide layer. Thus, only
the Si NWs were exposed to the environment during sensor testing.
Surface modification of the Si NW is a crucial aspect of the final
device. First, the surface of the Si NWs was treated with a water-
vapor plasma. The plasma treatment cleaned the sample surfaces
and generated a hydrophilic surface by hydroxy-terminating the sil-
icon oxide surfaces (see fig.1.28.d.1) . A self-assembled monolayer
with free thiols on the surface was then prepared using a gas-phase
method, as shown in fig. 1.28.d.2. Then, the immobilization of
ss-DNA probes was achieved by exposing the thiol-covered samples
into a solution of oligonucletides (see fig.1.28.d.3). This device is
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Figure 1.29: Conductance measurements of a boron-doped p-type NW
in a solution containing non-complementary DNA (a) and in another
containing complementary DNA (b). (c) Conductance measurements for
a phosphorous doped n-type NW in a solution containing complementary
DNA [88].

capable to link selectively to specific sequences of DNA, and then
detect them via changes in the conductance. In fact, fig. 1.29.a-b
and 1.29.c show the different conductance traces of a boron-doped
p-type wire (c = 1019cm−3) and a phosphorus-doped, n-type sam-
ple (c = 1018cm−3) respectively. Control experiments with non-
complementary DNA with a single-base mismatch did not change
the conductance of the SiNWs above the noise level (as shown in
fig. 1.29.a). On the other hand, the realtime increase of the con-
ductance of the p-type Si NW upon the addition of complementary
ss-DNA was observed (fig. 1.29.b). A similar change of the mag-
nitude of the conductance was observed in n-type samples, but in
the opposite direction (see fig. 1.29.c).

As another sensing application, Si NWs can also be used for detect-
ing gases or materials with a very low vapor pressure (<10 ppb). In
fact, they can be successfully applied on 2,4,6 trinitrotoluene (TNT)
detection [89]. TNT is one of the most commonly used explosives.
In general, a successful chemical sensor for TNT and other explo-
sives must be extremely sensitive given that the vapor pressure at
25 °C is less than 10 ppb, must be highly selective, must have the
ability to be easily miniaturized for field application and finally has
to be able to perform real-time high throughput analysis based on
arrays of multiple sensing elements. For NW sensors operated as
field effect transistors (FETs), the sensing mechanism is the field-
gating effect of charged molecules on the carrier conduction inside
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Figure 1.30: (a) Schematic view of a Si NW functionalized structure for
sensing of TNT molecules. (b) Sensitivity of the corespondent Si NWs
TNT sensor array. (c) Reactivity of this sensor to other nitroaromatic
chemical derivates of TNT [89].

the NW. Y. Engel et al. demonstrated supersensitive and rapid de-
tection of TNT in real time with the use of large-scale arrays of Si
NW-FET devices (this electronic device will be described better in
the next paragraph) [89]. Nanowire sensor arrays were fabricated
and subsequently OH-terminated and chemically modified with a
sensing array layer (fig. 1.30.a) useful for the detection of explo-
sive species. When the electron-deficient TNT molecules bond with
the sensing array molecules, their positive charge acts in the NW
conduction the role of a gate charge in a MOSFET, hence it modi-
fies the conductivity of the NW by bending his inner bands. Figure
1.30.b shows the sensing of TNT by the nanowire sensor array. The
exceptional performance of the Si NW devices enables the detection
of TNT with unprecedented sensitivities reaching sub-femtomolar
(< 10−15M) concentrations. Finally, they investigated also the re-
activity of the sensor to structurally related nitroaromatic chemical
derivatives (see fig. 1.30.c). The results clearly show a strong pref-
erence for binding TNT over these compounds. In fact, molecules
such as TNT have a higher ability to create charge-transfer com-
plexes with the amino-modified monolayer, hence they induce a
stronger conductivity change than other nitrosubstituted aromatic
molecules.

46



Figure 1.31: (a) A sketch of the fabrication of a Si NWS FET device.
(b) BF TEM image of a Si NW after oxidation process, with a crystalline
core of 5 nm, which constitutes the channel of this FET device. (c) Ids
vs Vgs with Vds ranging from -2.5 to -0.25 V from top to bottom [90].

1.2.3 Nanoelectronics

Si NWs have received great attention as transistor components
because they represent a simple route toward sub-10-nm single-
crystalline Si features. The IC manufacturing roadmap of top IC
factories is moving to the sub-10 nm scale ULSI in the next five
years. Nanowire materials offer a number of benefits over con-
ventional planar materials for field-effect transistor (FET) applica-
tions. First, nanowires offer the option of creating gate-all-around
(GAA) architectures, which allow for more efficient control over
charge carriers in the channel of FET devices, thus reducing short
channel effects caused by drain induced barrier lowering (punch-
through). From an applied research approach, J. Goldberger et al.
demonstrated the direct vertical integration of Si nanowire arrays
into surrounding gate field effect transistors without the need for
postgrowth nanowire assembly processes [90]. The FET device fab-
rication allows Si nanowire channel diameters to be readily reduced
to the 5-nm regime. Figure 1.31.a is a schematic of the FET design.
This device has been fabricated using conventional very-large-scale
integration (VLSI) processing. Vertical silicon nanowire arrays were
thermally oxidized to create uniform SiO2 layers as dielectrics. A
typical device has a 20-30 nm diameter Si nanowire surrounded by
30-40 nm of high-temperature gate oxide, a Cr metal gate length
of 500-600 nm, and nanowire channel lengths that range from 1.0
to 1.5 μm. The gate-oxide thickness and channel diameter are vis-
ible in the TEM image of fig. 1.31.b. Significantly, the channel
diameter can be readily reduced below 5 nm. Typical drain-source
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Figure 1.32: (a) Two p-type Si NWs and one n-type GaN NW form two
crossed p-n junctions, and realize an OR logic gate. (b) Coupling a p-
type Si NW and three n-type GaN NWs and AND logic gate is achieved.
(c and d) Output voltage at the four different input conditions at the OR
and AND gates respectively [91].

current (Ids) vs drain-source voltage (Vds) measurements at various
gate voltages (Vgs) indicated that B-doped Si NW FET behaves as
accumulation-mode p-type transistors. The application of a neg-
ative (positive) Vgs results in an increase (decrease) of Ids, due to
the increase (decrease) of majority hole carriers. carriers. The Vgs

value at which the Ids is effectively turned on and accumulation
begins is defined as the threshold voltage (Vt). Vt is clearly seen in
the plot of Ids vs Vgs at different Vds values for the same device (fig.
1.31.c). These first-generation vertically integrated Si NWs FET
exhibit electronic properties that are comparable to other horizon-
tal nanowire field effect transistors (FETs) and may, with further
optimization, compete with advanced solid-state nanoelectronic de-
vices. Another approach to make nanoelectronic devices with sili-
con nanowires is try to couple these system with other NWs made
by different materials and with a different doping type. In this way,
uniformly doped Si NWs can be the base bricks for many electronic
devices. Silicon NWs FETs doped with boron or phosphorous have
performances similar to the best planar devices made with the same
materials [90, 91]. Moreover, a high electronic mobility in InAs NWs
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FETs has been observed. These two kind of NWs can be assembled
and cross-coupled in order to form logic gates. Figure 1.32.a shows
two p-type Si NWs and one n-type GaN NW that form two crossed
p-n junctions, and realize an OR logic gate. Coupling the same
kind of NWs in a different manner, i.e. coupling a p-type Si NW
and three n-type GaN NWs, as shown in fig. 1.32.b an AND logic
gate can be achieved. The output voltages [0; 5V] of the device in
different input conditions [i.e. (0,0); (0,1); (1,0); (1,1)] are repre-
sented in figure fig. 1.32.c and fig. 1.32.d for both the OR and the
AND gate respectively.

1.2.4 Photonics

As an indirect band-gap semiconductor, bulk Si is an inefficient
light emitter relative to its direct-gap counterparts, with photolu-
minescence PL external quantum efficiencies (EQE) reaching 10%
in only specially prepared high-quality substrates [92]. However,
efficient PL has been observed in various nanostructured Si mate-
rial systems, such as porous Si and Si nanocrystals (Si-nc) within
dielectric matrices [93, 94]. At the same time, Si NWs have great
optical properties, which make them suitable for photonic applica-
tions. Different groups have already reported in literature a light
emission from Si NWs grown by a variety of synthesis techniques
[46, 19, 47]. In this scenario, different interpretations of the ori-
gin of photoluminescence (PL) have been given in these years, i.e.
quantum confinement of excitons supported by PL lifetime stud-
ies and the tuning of photoluminescence by changing the diameter
of the NW [47, 19], radiative recombination from surface states at
Si−SiO2 interfaces, impurity-center recombination within the crys-
tal, defects in the passivating oxide, and chemiluminescence from
linear Si-chain molecules, as syloxene composites [95]. As an exam-
ple, Guichard et al. [47] presented an in-depth study of the optical
emission from T iSi2-catalyzed VLS-made Si NWs and showed that
the data are fully consistent with the NW PL being due to ra-
diative recombination of quantum-confined excitons inside the Si
NWs. They demonstrated for the first time that Si NWs photo-
luminescence can be tuned by controlling the NW diameter. To
this end they performed a combined TEM, PL, and a time-resolved
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Figure 1.33: (a) DF TEM image of a T iSi2 catalyzed VLS grown Si NW,
a silicon crystalline core is clearly visible. (b) Normalized PL spectra of Si
NWs after thermal oxidation for 10, 15, 30, 40, and 120 min. (b, inset)
Plot of the PL peak energy vs average Si nanowire diameter measured by
DF-TEM [47].

PL study of the size-dependent optical properties of the Si NWs.
They have grown T iSi2-catalyzed Si NWs by depositing Ti on an
Sb-doped, n-type Si(100) wafer. The samples were then annealed
at 900 °C in H2 for 5 min to form T iSi2 catalyst islands. To grow
Si NWs, the samples were exposed to a mixture of SiH4, HCl, and
H2 at 680 °C for 30 min, by VLS process. Following NWs growth,
the samples were etched in 2% HF for 1 min to remove the native
oxide from the NWs. The samples were then thermally oxidized
at 950 °C in dry O2 for times ranging from 10 to 120 min. The
dark field HR-TEM micrographs in fig. 1.33.a depicts a NW after
thermal oxidation for 30 min.The contrast between the c-Si core
and the amorphous oxide around it is clearly visible. As for other
experiments performed by other groups [19], a self-limited shrink-
ing of the core of Si NWs has been observed, and in their case a
self-limited crystalline Si NW core diameter of about 3.3 nm has
been found. Figure 1.33.b shows normalized PL spectra of Si NWs
after thermal oxidation for 10, 15, 30, 40, and 120 min.

After 10 min of oxidation, a broad luminescence band is observed,
peaking at 1.55 eV (800 nm) (fig. 1.33.b). For longer oxidation
times, the luminescence band maintains a constant full width half
maximum (FWHM) and shifts to the blue. For short oxidation
times, the peak energy shifts rapidly with increasing oxidation time,
and for longer oxidation times the peak energy saturates at around
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Figure 1.34: (a) Room temperature excitation rate, τ−1
on as a function

of excitation photon flux φ for low pumping regimes. The slope of the fit
represents the excitation cross section of T iSi2 catalyzed VLS grown Si
NWs. (b) PL intensity vs the excitation intensity Iex. (c) Decay lifetime
as a function of Iex [46].

1.66 eV, consistent with a self-limited NW diameter. The inset
shows a plot of the PL peak energy vs average Si nanowire diam-
eter measured by DF-TEM, demonstrating the blue shift of peak
luminescence wavelength with decreasing diameter. Another indi-
rect proof of Si NWs quantum confinement emission is represented
by an excitation cross section similar to the one measured in Si
nanocrystals embedded in silica matrix, since these ones show pho-
toluminescence due to quantum confinement. The excitation cross
section can be found by considering the state-filling equations in
the low-pump-power regime, where Auger recombination (AR) can
be ignored. The procedure adopted by Guichard et al. is similar to
the one used for Si nanocrystals [96]. The pump-power-dependent-
PL risetime, τ−1

on is given as a function of the excitation photon flux,
φ: τ−1

on (φ) = σφ + τ−1
d,0 . Figure 1.34.a is a plot of room tempera-

ture excitation rate, τ−1
on as a function of excitation photon flux φ

for low pumping regimes, at which the PL intensity goes linearly
with the pumping photon flux because non-radiative phenomena
are suppressed. By fitting these data, they obtained an excita-
tion cross section of σ = 3× 10−15cm2, just an order of magnitude
higher than the one measured for Si nanocrystals. It’s likely that
the increase in σ is due to increased optical excitation field strength
inside the wire as compared to a spherical geometry. However, the
long radiative lifetime in these systems means that short lifetime
nonradiative processes can dominate at high pump powers. In fact,
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at higher pump fluxes a high amount of carriers is injected and the
Auger recombination process (AR) starts to be competitive with
radiative recombination of excitons. This phenomenon is visible in
fig. 1.34.b and fig. 1.34.c. They show both the PL intensity and
the decay lifetime as functions of excitation intensity, Iex. These
two quantities exhibit two distinct regimes. At low excitation con-
ditions, the PL intensity scales linearly with Iex, giving rise to a
slope of about 1 in the log-log plot. Above 1 W/cm2, the PL power
law becomes sublinear. The decay lifetime is constant at low-pump
intensity, but decreases at intensities above a similar threshold. The
size and dimensionality of a semiconductor is known to greatly af-
fect the character and rate of the Auger process. In most bulk
semiconductor systems at room temperature, including Si, AR oc-
curs via a process involving three free carriers, and the PL decay
rate (the reciprocal lifetime) is proportional to the square of the car-
rier concentration, n2. In contrast, one-dimensional 1D structures
can exhibit increased electron-hole overlap and dielectric constant
mismatch between the host wire and its surroundings. This can re-
sult in an exciton binding energy that exceeds the thermal energy,
kBT . In this case, the majority of the excited carriers are in the
form of excitons and AR occurs in the form of exciton-exciton or
so-called bi-molecular annihilation. Since this process involves two
bound electron-hole pairs or particles, this bi-molecular AR rate
scales linearly with N [46].

A tuning of the visible PL of Si NWs towards higher energies has
been observed by Walavalkar et al. on EBL-made Si NWs (see
paragraph 1.1.2 for details about their preparation). These NWs
have been oxidized to shrink the crystalline core, they are 1 μm tall
and exhibit a diameter of the crystalline core tunable in the range
between 2 and 8 nm, hence they show a quantum confinement of
excitons inside the crystalline core higher than the ones fabricated
by Guichard (which could reach a minimum diameter value of 3.5
nm).

Photoluminescence was observed between 600-800 nm (1.5-1.9 eV),
as shown in fig. 1.35.a. The data show a strong blue shift in peak
emission wavelength corresponding to a decrease of the silicon core
diameter. The peak wavelength versus core diameter is plotted
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Figure 1.35: (a) PL spectra at different radii of EBL made Si NWs. (b)
Peak wavelength vs core diameter[19].

in fig. 1.35.b. Walavalkar et al. [19] measured decay times in
the range of hundred of nanoseconds (two orders of magnitude less
than the ones measured by Guichard et al. in T iSi2 catalyzed VLS
grown Si NWs) and found that they are decreasing with narrowing
of the core diameter [19]. Probably in smallest Si NWs a possible
increase of the overlap between the hole and electron wavefunctions
is responsible of increasing the recombination rate [47].
To further look into the origin of electron-hole recombination, Walavalkar
et al made computational calculations on the bands of [100] Si NWs.
These theoretical calculations have found the strain in nanowires,
due to the SiO2 shell, to be important in increasing the splitting
between the Γ conduction band valley and the bulk indirect X di-
rection valley. For pillars with diameters less than 10 nm experi-
encing tensile strain in the radial and circumferential direction, the
splitting between these two minima is several times the room tem-
perature thermal energy kT, as seen in the solid lines of fig. 1.36.
This large splitting allows the excited electrons to sit in the � val-
ley, allowing for a faster, direct optical transition. For unstrained
or compressively strained pillars (dotted line in fig. 1.36) the split-
ting between the two valleys is closer to the thermal energy forcing
carriers to sit both in the Γ as well as the X valley, requiring a
longer phonon-assisted recombination.
However, similar photoluminescence spectra have also been ob-
served in thicker Si NWs made with a completely different approach.
In fact, V. Sivakov et al. [81] observed a strong room temperature
PL emission from Si NWs obtained by MACetch process of heavily
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Figure 1.36: Band-structure (in eV) of a TBM simulation of a strained
and unstrained 2.5 nm diameter silicon nanowire. The dotted line shows
the relative conduction band edge for the unstrained wire while the two
insets show the axial and transverse structure of the nanowire [19].

Figure 1.37: (a) Low-mag. and (b) high-mag. BF TEM images of
MACetch Si NWs obtained using a solution containing AgNO3 salt and
HF. A rough surface is clearly visible. (c) Normalized PL intensity as a
function of the oxidation time. [81].
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(As: 1020cm−3) doped [100]-oriented Si wafer, using a deep bath in
a solution containing AgNO3 salt and HF acid. The Si NWs they
obtained have diameter varying from 30 to 200 nm , with an aver-
age diameter of approximately 70 nm, as depicted in the bright field
(BF) TEM image of fig. 1.37.a. All Si NWs are single crystalline
and are coated by a thin native silicon oxide layer and, in contrast
to the smooth surfaces of typical VLS grown Si NWs the surfaces
of etched Si NWs are much rougher as shown in the BF TEM in fig.
1.37.b. The average surface roughness of etched Si NWs was typi-
cally 2.5 - 3.5 nm measured from peak to valley. The formation of
rough surfaces during the Si NW etching may be related to the sil-
ver nanoparticle enhanced local Si oxidation and subsequent oxide
etching and further to migration of silver nanoparticles along the
Si NWs sidewalls during the etching process. Figure 1.37.c shows
normalized PL spectra of the wet chemically etched heavily doped
c-Si before and after treatment with 2.5% HF for 3 min and dur-
ing reoxidation under air atmosphere. The blue-shift in PL spectra
during reoxidation in fig. 1.37.c can be associated with the growth
of native oxide layers on the silicon nanowires surfaces that also was
specified in the TEM micrographs as shown in fig. 1.37.b, where
a 2–3 nm thick native oxide layer is clearly visible in as-prepared
Si NWs surface. Sivakov and al. argued that the quantum confine-
ment interpretation appears to be the most probable interpretation
of the room temperature visible PL for their samples, and proposed
that for their Si NWs the PL is related to nanoscale periodically
rough sidewalls.

Conclusions

Different strategies for Si NWs realization, adopted worldwide by
different research groups, have been shown in this chapter. In par-
ticular, VLS growth is the most common bottom-up technique,
based on metallic catalysts and on physical or chemical vapor de-
position of molecules containing silicon. This technique is limited
by the thermodynamics of the Si-metal alloy and by the kinetics
of diffusion of silicon from the vapor phase into each NW. Gold
is the most common metal catalyst adopted for VLS growth, for
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several reasons: it is inert, it forms a liquid alloy with Si at low
eutectic temperatures, compatible with VLSI processing. By the
way, it has been shown that gold diffuses into the NW and on the
sidewalls of it during the growth itself. Gold puts midgap elec-
tronic energy levels into the band diagram of silicon. Therefore, it
increases the probability of non radiative recombinations of carri-
ers, becoming a lifetime killer for slow radiative processes typical
in nanosized silicon. This issue affects both optical and electrical
properties of these interesting new materials. To solve this problem
different strategies have been adopted, i.e. changing the catalyst
or changing the method of preparation of NWs. In fact different
groups prepared NWs by using lithography and reactive ion etch-
ing processes. This is a powerful technique, fully compatible with
CMOS processing, but with the main issue of being very expensive
and extremely time consuming. It is impossible to make wafer scale
NWs by electron beam lithography, since the writing time of this
kind of lithography for a whole wafer is too slow and comparable
to human life. Si NWs can be useful for several applications of
tomorrow: due to their high surface to volume ratio they can be
promptly used as sensors, or because of their dimensionality can be
used as all-around-gate field effect transistors, or thanks to their
vertical alignment (and their strong scattering of the light among
them) they can be used for radial solar cells. Unfortunately, it is
nevertheless true that only NWs with features of a few nanometers
are suitable for photonic applications, since the exciton radius in
Si is about 5 nm. Then, both the VLS made NWs (whose min-
imum radius is limited by the Gibbs-Thompson effect to tens of
nanometers) and the electron beam lithography (whose minimum
radius is limited both by lithography and by sidewalls stability dur-
ing the RIE process) need further oxidation processes to shrink the
radius of the NWs. It is necessary to achieve crystalline cores of
a few nanometers. Then, we described a new top-down approach
followed in these last years to make Si NWs. This top down ap-
proach, i.e. metal assisted etching, is a chemical approach and is
based on chemical oxidation of silicon through a metal catalyst and
a subsequent removal of oxidized silicon through an HF bath. This
method is simple, wafer scale, cheep and easy to apply. Making
NWs by this method needs basically a silicon wafer and a bath of a
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couple of minutes into a solution containing an oxidant, a metallic
salt and some HF acid. It is unbelievably simple. By the way, lots
of metallic dendrites form during the reaction have to be removed
in some way from the region all over the MACetch Si NWs, by us-
ing etchants which can damage the surface of the NWs themselves.
This technique offers the possibility to control the doping as pre-
ferred, since the doping of the initial silicon layer can be controlled
via conventional implantation techniques before the etching. We
have also shown how the radius of the nanowires obtained by metal
assisted etching can be tuned up to minimal sizes of 10 nm via dif-
ficult lithography processes involving alumina masks and reactive
ion etching. In the next chapter we will show that, through a mask-
less and cheap metal-assisted technique, it is possible to go easily
beyond the 10 nm size limit.
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Chapter 2

Synthesis and structure of
group IV semiconductor NWs

Abstract

In this chapter will be shown that Metal-assisted chemical etch-
ing (MacEtch) is a powerful technique to obtain high density and
low-cost Si NWs with high and controllable aspect ratio. NWs
obtained by this technique have exactly the same structure and
doping properties of the substrate and, depending on the adopted
substrate, vertical or tilted NWs can be obtained. Then, it will be
shown that by using for the first time ultra thin films of gold or
silver as catalysts for the etch, their main size becomes less than
10 nm, allowing quantum confinement effects. A Si core - SiO2

shell structure is obtained for and it is possible to tune the core of
the NWs scaling it down to 5 nm. The size of the Si NWs scales
down as the thickness of the metallic mesh (used as a catalyst for
the etching process) becomes thicker. Both energy filtered TEM
analyses and Raman analyses strictly confirm these data. Hence
Si NWs made by MacEtch are suitable for photonic applications.
Also, A more complex system has been realized, indeed by etching
a multi quantum well made by stacks of 1 nm thick Ge and 54 nm
thick Si it is possible to realize Si/Ge MQW NWs. In this way a
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structure made of Si NWs and Ge disks can be obtained, in which
carriers are confined in 2D and 3D respectively.

2.1 Synthesis of ultrathin Si NWs by metal

assisted etching

The first part of this PhD thesis is dedicated to a novel approach for
the realization of Si NWs suitable for photonics. Therefore, it’s im-
portant and strategic that the developed method gives NWs with
diameters comparable with quantum confinement effects. Metal-
assisted wet etching processes are a known alternative method for
Si NWs synthesis [68, 72] and have been identified as the most
promising method to achieve these results. The metal catalyzes Si
oxidation by H2O2 and then SiO2, selectively formed where metal
and Si are in contact, is etched by HF. In metal-assisted wet etching
processes the metal catalyst is usually present in the etching solu-
tion as a salt (typically AgNO3) [97]. Note also that NWs with a
mean radius lower than 30 nm have been never obtained by etching
processes assisted by metal salts [98] while NWs with dimensions of
10 nm have been obtained only using particular masks of anodized
aluminum oxide [76]. Even in the case in which MACetch Si NWs
emit light, the origin of their emission is somehow controversial.
Moreover, the use of metal salts (e.g. AgNO3) leads to the forma-
tion of dendrites, whose subsequent removal could damage the NWs
[97, 98]. In this chapter we present a maskless, cheap, fast and com-
patible with Si-technology process for the direct synthesis of small
Si NWs exhibiting room temperature light emission. The process is
a modified metal-assisted wet etching, exploiting the replacement of
the salt with an ultra thin metal thin film. A sketch of the adopted
method is depicted in fig. 2.1. To this purpose, Si NWs have been
obtained starting from p-type (B concentration of 1016 cm−3) sin-
gle crystal, (111)- and (100)-oriented Si wafers. The wafers were
cut into 1 cm × 1 cm pieces, and then UV oxidized and dipped
in 5% HF to obtain clean and oxide-free Si surfaces. Afterwards,
a thin Au layer, having a thickness of 2 or 3 nm (corresponding
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Figure 2.1: Etching scheme of metal assisted chemical etching of Si NWs
by using ultrathin layers of gold and silver as catalysts [60].

to 1 × 1016 and 1.6 × 1016 Au atoms/cm2, respectively), was de-
posited on the Si samples at room temperature by electron beam
evaporation by using high purity (99.9%) gold pellets as a source.
Alternatively, Ag layers 10 nm thick were deposited with the same
procedure. The amount of deposited Au and Ag was verified by
Rutherford Backscattering Spectrometry (RBS), as shown in fig.
2.2.a. This technique allows an accurate control of stoichiometry
of thin films. We will see that an accurate control of the thickness
of gold and silver is necessary for successfully control the radius of
Si NWs. Finally, samples were etched at room temperature in an
aqueous solution of HF (5 M) and H2O2 (0.44 M) to form Si NWs.
During the etching, as highlighted in the previous chapter, holes
are injected through the metal into the silicon, they oxidize silicon
which finally is removed by HF and diffuses into the liquid phase.
As a result, gold and silver meshes sink into the crystalline silicon,
leaving Si NWs formed during the etching. These metals can be
possibly removed via a bath in a solution containing potassium io-
dide KI and iodine I2. The removal of gold has been demonstrated
via RBS measurements, shown in fig. 2.2.b. These RBS measure-
ments, despite RBS is a method typically used to study planar
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Figure 2.2: (a) RBS spectra of ultrathin layers of gold and silver on Si
substrates. (b) RBS spectra of a 2 nm thick gold layer before and after
the MACetch and after the removal in a solution containing a mixture of
KI and I2.

structures, give clear information about the sinking of gold into the
NWs structure. All of the gold previously deposited on the surface
drops into the silicon, leaving only a short tale of gold droplet from
the edge of the etching into the NWs. Gold can be successfully re-
moved leaving less than the 3% of its initial amount. This strategy
presents two main relevant advantages: no metallic dendrites due
to the etching process are present and, more importantly, a bet-
ter control over the Si NWs structural properties is obtained. We
have indeed been able to define a precise process window where Si
NWs having a diameter compatible with the occurrence of quantum
confinement phenomena can be obtained. This condition has been
achieved by identifying a very narrow thickness range of the Au or
Ag thin films for which the layer itself is not continuous, but it is
characterized by a peculiar morphology, which leaves uncovered a
relevant fraction of the Si surface. Within this thickness range, the
morphology of the metal layer and the etching solution determine
the formation of NWs having an extremely small diameter. In the
inset to fig. 2.3 a plan view SEM image of a Si surface after 3
nm Au deposition is shown. Dark regions are uncovered Si, while
yellowish regions represent Au. It is clear that several nanometric
uncovered Si areas, almost circular and totally embedded within
Au regions are present, these are indeed the precursor sites where
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Figure 2.3: The inset shows a plan view SEM image of a Si surface after
3 nm Au deposition. Dark areas are uncovered Si regions while yellowish
areas are Au. A statistical analysis after 3 nm or 2 nm Au deposition and
10 nm Ag deposition of the diameter distribution of the circular uncovered
Si regions after analyzing several SEM images is reported in figure [60].

NWs will form upon etching. Similar structures are also observed
after Ag deposition though in this case Ag, as a result of a smaller
wettability, tends to ball up and therefore interconnected structures
leaving nanometer-size uncovered Si regions are obtained for much
thicker metal layers. Figure 2.3 presents a statistical analysis of
the precursor sites on the basis of several SEM images taken after
10 nm Ag and 2 or 3 nm Au deposition. In all cases a nanometer
size distribution of uncovered Si regions is obtained measuring the
diameter of the circle circumscribed to each precursor site, with
smaller sites achieved for Au with respect to Ag and by increasing
the amount of deposited Au. Figure 2.4.a reports a cross section
SEM image of Si NWs obtained after the wet etching of the 2 nm
Au covered (100)-oriented Si substrate. This cross section image
displays a dense and uniform distribution of NWs, having the same
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Figure 2.4: (a) Cross section SEM image of Si NWs obtained by metal
assisted chemical etching technique. (b,c,d) Top view SEM image of
MACetch Si NWs at three different magnitudes: 25k×, 250 k× and 2500
k× respectively from left to right. These images look the same despite
of the different magnification, hence this structure is a fractal. (e) His-
togram of the percentage of area covered by Si NWs (NWs filling factor)
at these three magnifications. The constant filling factor is a proof of the
fractality of this system [99].

length (about 2.6 μm, as determined by the etching conditions)
and very small diameters. Figures 2.4.b,c,d show different top view
SEM images of MACetch Si NWs at three different magnitudes:
25 k×, 250 k× and 2500 k× respectively increasing the magnitude
each time by an order of magnitude from left to right. It’s clearly
visible that, despite these microscopy images are made at differ-
ent magnifications, they look similar one to another. The same
structure is repeated at different length-scales. This aspect is a
signature of a fractal structure, since a sort of ”scale invariance” is
visible [99]. Fractalness and randomness are sometimes connected,
as in this case. In fact, the metallic mesh is random and also there
is a sort of redistribution of metallic catalysts during the etching
process [61]. Particularly remarkable are the extremely high NW
density (1 × 1011 cm−2) as deduced by the analysis of plan view
SEM images, in which about the 60% of the total surface is covered
by nanowires. The density value is similar to the density of the
precursor sites shown in the inset of fig. 2.3, well above the typi-
cal values found in Si NWs grown by techniques based on the VLS

64



Figure 2.5: Cross section SEM images of MACetch Si NWs obtained
by etching a (100)-oriented Si substrate covered by 10 nm of Ag (a), a
(100)-oriented Si substrate covered by 2 nm of Au (b), a (111)-oriented
Si substrate covered by 10 nm of Ag (c) and a (111)-oriented Si substrate
covered by 2 nm of Au.

mechanism [16, 26, 25]. As reported in literature, depending on the
nature of the catalyst adopted and depending on the substrate, it
is possible to obtain NWs with different structural properties. As
an example, fig. 2.5.a and fig. 2.5.b show NWs obtained by etching
a (100)-oriented Si substrate covered by 10 nm of Ag and 2 nm of
Au respectively. At the same time, fig. 2.5.c and fig. 2.5.d show
NWs obtained by etching a (111)-oriented Si substrate covered by
10 nm of Ag and 2 nm of Au respectively. Obviously, the etching
rate changes depending on the orientation of the substrate, doping
and on the amount and kind of the metallic mesh. In fact, once
defined the etching rate Retching as the number of atoms of Si etched
by each atom of metal per second:

Retching =
velocityetching
thicknessmet

ρSi
ρmet

(2.1)

It has been observed that the etch rate of silver is 1.4 s−1while the
etch rate of gold is 2.8 s−1. Au is two times more efficient than Ag.
This difference can be attributed to the different electronegativity
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and oxidation number of Au and Ag. Moreover, Au always etches
normal to the surface, since it has a higher etching rate than Ag.
Indeed, Ag can etch according to the crystallographic orientation,
since it has a slower etch rate. Moreover, the NWs made using Ag
catalysts seem to be thicker than the Au-catalyzed counterparts.
Since the preferred direction of etching is the [100], and since the
Au-catalyzed MACetch Si NWs are thin, with a very high aspect
ratio, in (111) substrates the formation of bundles of NWs can oc-
cur. The formation of bundles can be attributed to surface tension
forces exerted on the nanowires during the drying of the sample,
which is a common phenomenon for drying of long nanowire arrays
from the solvent and can be avoided with super-critical CO2 drying
[61, 100].

2.2 Structural Features of NWs

Both Si NWs and MQW Si/Ge NWs have been prepared by metal
assisted etching technique. Different characterizations have been
made on these systems, i.e. SEM and TEM characterizations in
order to study both the length and the structural and surface prop-
erties of the NWs, Raman analyses to know the main diameter of
the NWs, and Energy Dispersive X-ray spectroscopy which allows
to obtain the mean amount of oxygen in the NWs media and hence
estimate the amount of silicon oxide which wraps the silicon core.
RBS measurements have also been performed for a fine control of
the gold and silver thickness, which is a key parameter of the etch-
ing. A similar analysis have been performed on MQW Si/Ge NWs.
The knowledge of the structural properties of both of these systems
allows to control them during the synthesis and hence their optical
and electrical properties.

2.2.1 Structural Properties of Si NWs

Tuning the length of Si NWs is very easy. Typically, at room tem-
perature, the etching rate of (100)-oriented Si covered by 2 nm
of gold in a solution of 0.44 M H2O2 and 5 M HF is about 400
nm/minute. Silicon NWs of different lengths are shown in fig. 2.6.
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Figure 2.6: Cross section SEM images of Si NWs prepared by etching a
(100)-oriented Si substrate covered by 2 nm of gold at different etching
times. The length of the NWs are 1, 2, 3, 4, 5 μm respectively from left
to right.

These NWs have lengths from 1 to 5 μm, which can be tuned lin-
early by varying the etching time approximately from two to ten
minutes. The diameter of the NWs is the same above all the length
of the NWs, since the etching proceeds vertically. Then, it is pos-
sible to obtain NWs with very high and controllable aspect ratios.
Raman measurements have been used to estimate the different NWs
size obtained by varying the thickness of the metal layer assisting
the etching process. In particular, fig. 2.7 reports the Raman spec-
tra of Si NWs synthesized by using Ag (10 nm thick) or Au (2 and
3 nm thick) metal layers; they are characterized by asymmetrically
broadened peaks, red shifted with respect to the symmetric and
sharper peak typical of bulk crystalline Si (shown in the same fig-
ure for comparison purposes), which is found at 520 cm−1; the posi-
tion and the shape are in agreement with literature data concerning
quantum confined crystalline Si nanostructures. The Raman peaks
have been fitted by using a phenomenological model developed by
Richter et al. [101] to deduce the nanocrystal size from the Raman
spectrum, subsequently improved by Campbell and Fauchet [102]
for strongly confined phonons and more recently applied by Pis-
canec et al. to Si NWs [103]. The fit procedure gives NW diameter
values of 9± 2 nm for the 10 nm Ag film, 7 ± 2 nm for the 2 nm
thick Au film and 5 ± 1 nm for the 3 nm thick Au film. We under-
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Figure 2.7: Raman spectra of Si NWs obtained by using Au layers having
a thickness of 3 nm (blue line-triangles) and 2 nm (green line-circles) and
Ag layer having 10 nm (red line-squares). For comparison, the Raman
spectrum of bulk crystalline Si (black line-rhombs) is also shown. A fit
to the Raman data gives NW diameter values of 5± 1 nm for the 3 nm
thick Au film, 7± 2 nm for the 2 nm thick Au film and 9± 2 nm for the
10 nm Ag film [60].
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Figure 2.8: (a) High resolution bright field TEM image performed on a
single NW. (b) EFTEM image from the same NW obtained by selecting
electrons which have lost an energy of 16 eV, corresponding to the Si

plasmon loss. (c) EFTEM image obtained by selecting electrons which
have lost an energy of 24 eV, corresponding to the SiO2 plasmon loss.

line here that the very large aspect ratio of these NWs can be very
hardly obtained by techniques based on the VLS mechanism. It is
also remarkable that the measured NW sizes are in good agreement
with the sizes of the precursor sites shown in fig. 2.3. This is an
evidence that this synthesis represents a maskless method taking
advantage of the thickness-dependent roughness of the metal thin
film and that the deposited pattern is directly reproduced after
etching. It is noteworthy that, as a direct consequence of the pecu-
liar characteristics of the synthesis process, based on the anisotropic
etching of commercial Si substrates, NWs are monocrystalline and
defect free, as verified by TEM measurements. Figure 2.8.a reports
a high resolution TEM image of a typical Si NW obtained by using
a 2 nm thick Au film. Two features are highly remarkable:
(i) a core-shell structure is clearly visible. Noticeably, Si lattice
planes are visible only in the inner part of the NW, while the shell
seems to be amorphous;
(ii) The diameter of the crystalline core is about 5 nm, in agreement
with the mean size of 7 ± 2 nm estimated by Raman measurements.
Further structural details can be obtained by the analysis of the
energy filtered (EFTEM) image shown in fig. 2.8.b and fig. 2.8.c.
The EFTEM image shown in fig. 2.8.b has been obtained by se-
lecting electrons which have lost an energy of 16 eV, corresponding
to the Si plasmon loss. The size of the very bright Si region fully
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Figure 2.9: Energy Dispersive X-ray spectroscopy spectra of Si NWs.
A considerable oxidation of Si NWs is observed.

corresponds to the crystalline region visible in fig. 2.8.a, unambigu-
ously demonstrating the presence of a crystalline Si core of about
5 nm. On the other hand, the shell appears much less bright than
the core, suggesting a different chemical composition. A proof of
the shell composition has been obtained by collecting a EFTEM
image obtained by selecting electrons which have lost an energy
of 24 eV, corresponding to the SiO2 plasmon loss, shown in fig.
2.8.c. Such an image indeed suggests that the shell is essentially
composed by SiO2 with a diameter of 8 nm, formed due to the air
exposure of the NW. Different information is given by the EDX
analysis made on a large area of Si NWs. This analysis is shown in
fig. 2.9. It has been performed by irradiating a large area (several
micron squares) of Si NWs with electrons with an energy of 5 keV,
whose mean free path in bulk Si is 300 nm. Considering that the
percentage of the filled area of Si NWs is about 0.6, about half of
the volume is occupied by air, then the mean free path of electrons
in Si NWs should double and become roughly 600 nm. Hence it
is possible to collect information on higher part of the NWs, since
this analysis has been performed on NWs with a length of 2.6 μm.
It has been measured that the atomic percentage of Si is about
60% while the atomic percent of oxygen is 40%. Some carbon con-
tamination is observable, and comes from the environment since Si
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NWs have a large exposed area and carbon structures easily stick on
them. These are atomic percentages and have to be compared with
the results from the TEM analysis, which gives a volumetric ratio
VSi/VSiO2 = π(2.5)3

π(45−2.53)
= 0.64. Considering that part of the Si is

bonded with oxygen atoms to form silicon dioxide, the atomic ratio
measured by EDX is XSi/XSiO2 ≈ 2 and since silicon dioxide has a
lower density than silicon, EDX gives the value VSi/VSiO2 = 1.38.
This value is about two times higher than the one measured by
TEM on a single NW. Since there is a broad distribution of diam-
eters of the NWs and since native oxide on the surface of the NWs
is expected to be independent of the radius, it is possible that the
value given by EDX analysis has been influenced by thicker NWs,
in which the percentage of Si is higher.

2.2.2 Structural properties of Si/Ge MQW NWs

A similar approach has been adopted for the realization of Si/Ge
MQW NWs. The substrate adopted has been prepared by Molecu-
lar Beam Epitaxy (MBE) in the following way: first, a buffer layer
of 54 nm has been deposited on the cleaned and reconstructed sur-
face of a (100)-oriented Si wafer (p-type, 1016 cm−3). Then, layers
of 1 nm thick Ge and 54 nm thick Si are alternatively evaporated

at 0.1
°
A/s and 3

°
A/s respectively, for 62 times. This structure has

a thickness of about 3500 nm, and has been grown at a tempera-
ture of 450°C. With these growth parameters the grown structure
should be heteroepitaxial, which is a necessary condition to have a
constant and well defined etching direction when the gold droplets
sink across the Si/Ge/Si interfaces. The MACetch Si NWs prepara-
tion is similar to the process adopted for Si NWs, and is sketched in
fig.2.10. First, the MBE grown substrate is cleaned and the silicon
dioxide which forms on it is removed via HF bath, then it is put into
an evaporator chamber where a 2 nm thick gold layer is evaporated.
The cleaning process before the gold evaporation is a crucial step of
the etching process. In fact without this process gold cannot inject
holes into silicon and neither oxidation nor etching can occur. After
the deposition of a 2 nm thick gold layer, the sample is immersed in
the etching solution which has a molarity of H2O2 of 0.44 M and a

71



Figure 2.10: Scheme of the fabrication of a multiquantumwell (MQW)
of alternating 1 nm-thick Ge layers and 54 nm-thick Si layers. This
substrate has been then chemically etched by using ultrathin layers of
gold as catalyst in order to obtain Si/ MQW NWs.

molarity of HF equal to 5 M. Hence, the obtained structure of each
Si/Ge MQW NW consists in 55 nm long whiskers alternated by 1
nm thick Ge disks. It will be shown in the following chapter that
light can arise from these novel kind of structures. In fact, since
the electron-hole excitonic pair in monocrystalline germanium has
a mean radius of of 25 nm, a structure made by 1 nm thick disks of
Ge allows at least a strong 1D confinement of carriers giving rise to
a superposition of electrons and holes wavefunctions and therefore
it changes their electronic and optical properties. Figure 2.11.a-b-
c-d show Si/Ge MQW NWs grown by this maskless approach at
different etching times. Their length goes from 1 to 3 μm, and
the length goes linearly with the etching time. Most of the area
of the sample have been successfully etched, except few areas in
which NWs formation doesn’t occur. The etch rate of this kind of
structure is similar to the etch rate for MBE grown Si and is equal
to 150 nm/min. This etch rate is lower than the etch rate of CZ
Si, and this could be attributed to a lower oxygen contamination
or to different doping. It is noteworthy to say that, to the best of
my knowledge, Ge NWs have not been ever made by metal assisted
etching. The etch solution applied for Si/Ge MQW Si NWs works
only for thin Ge layers embedded in thick Si layers. In fact, this
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Figure 2.11: (a-b-c-d) Cross section SEM images of MQW Si/Ge NWs
of 1, 1.3, 2, 3 μm respectively from left to right. (e) EFTEM image
from a single Si/Ge NW obtained by selecting electrons which have lost
an energy of 16 eV, corresponding to the Si plasmon loss. (f) EFTEM
image from a single Si/Ge NW obtained by selecting electrons which have
lost an energy of 24 eV, corresponding to the SiO2 plasmon loss.
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Figure 2.12: Raman spectra of Si/Ge MQW NWs obtained by using 2
nm thick Au layers (red line). The Raman spectrum of bulk crystalline
Si (black line) is shown for comparison. A fit to the Raman spectrum
gives a Si/Ge MQW NW diameter value of 8.2± 1 nm.

etching solution is water based, and it is well known that germa-
nium typically is oxidized in water and quickly dissolved.

Figures 2.11.e-f show TEM images of a freestanding Si/Ge NW
obtained by filtering the electron energy loss at the Si and O plas-
monic resonances respectively. The 54 nm Si/ 1 nm Ge/ 54 nm Si
structure can be observed. The diameter of the Si NW is about 10
nm (see fig. 2.11.e), as well as the diameter of the Ge dot, due to
the etching process. Then, it is probable that the diameter of the
Ge dot is less than the diameter of the Si NW, because of a partial
dissolution of Ge in the water based etching solution. Moreover,
the energy filtered TEM image in fig. 2.11.f shows the presence of
a SiO2 shell all around the Si NW and at the interface between
the Si NW and the Ge dot. Hence, the thickness of the Ge could
be less than 1 nm, enhancing quantum confinement effects of the
carriers localized inside it. The diameter of the Si/Ge MQW NWs
has been confirmed by an accurate Raman analysis on the samples,
similarly to the one adopted for Si NWs. The Raman spectra of
Si/Ge MQW NWs synthesized by using 2 nm of Au are shown in
fig. 2.12.

The Raman spectrum of Si/Ge MQW NWs (red line) is charac-
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terized by an asymmetrically broadened peak, red shifted with re-
spect to the symmetric and sharper peak typical of bulk crystalline
Si (black line), which is found at 520 cm−1. The position and
the shape is in agreement with literature data on quantum con-
fined crystalline Si nanostructures. The Raman spectrum of Si/Ge
MQW NWs has been fitted by the same model used for Si NWs
[101, 102, 103], and the fit procedure gives a value of the diameter
equal to 8.2±1 nm, in agreement with TEM measurements. At the
same time, no Raman emission coming from Ge has been detected,
because of its low concentration in the Si/Ge MQW NWs sample.

Conclusions

In this chapter we have shown that Metal-assisted chemical etch-
ing, together with the advantage of using ultrathin films of gold
and silver, is a powerful technique to obtain NWs with features
compatible with quantum confinement effects. A study of the dif-
ferent mesh structure of 2 nm thick and 3 nm thick gold, and of 10
nm thick silver has been conducted. It has been demonstrated that
the accurate control of the metal thickness in this few nm range is
strategic for control of the radius of the NWs. The mean size of
the holes in the metallic mesh will determine the mean size of the
radius of the NWs. Indeed, it has been possible to achieve diameter
sizes as 9 nm, 7 nm and 5 nm. The crystallinity of the Si core
and the presence of a SiO2 shell has been demonstrated by TEM
analyses, by using high magnification analyses and by filtering the
electron energy loss at the Si and O plasmonic resonances. Finally,
a more complex system has been realized, etching a multi quantum
well made by stacks of 1 nm thick Ge and 54 nm thick Si. Si/Ge
MQW NWs can be fabricated with the same etching process used
for Si NWs. The complex alternating structure of Si/Ge/Si quan-
tum wells for both electron and holes is repeated along each NW
several times. The obtained structure is therefore made of Si NWs
alternated to Ge disks. These NWs have a diameter of less than 10
nm, as measured by the shift in the Raman spectra, and confirmed
by TEM analyses. It will be shown in the next chapter that both
the small diameter of Si NWs, and the 3D confined structure of Ge
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disks will have a strong impact on the luminescence properties of
both Si NWs and Si/Ge MQW NWs, due to quantum confinement
of carriers.
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Chapter 3

Optical properties of group
IV semiconductor NWs

Abstract

The development of functional materials for light emission and/or
amplification is a research field in constant expansion. In particu-
lar, semiconductor nanowires (NWs) represent a promising system
that have attracted a considerable interest within the scientific com-
munity as an innovative material for applications in light sources
sensing and nanoscale photovoltaic devices. In this chapter the
optical properties of both Si NWs and Si/Ge multi quantum well
(MQW) NWs will be studied. Concerning both Si NWs and Si/Ge
MQW NWs, an efficient red room temperature luminescence, visi-
ble at the naked eye, is observed when NWs are optically excited,
exhibiting a blue-shift with decreasing NW size in agreement with
quantum confinement effects. A prototype device based on Si NWs
has been fabricated showing a strong and stable electrolumines-
cence at low voltages. The detailed analysis of the steady-state
and time-resolved PL properties of Si NWs as a function of aging,
temperature and pump power allows to suggest that the emission is
due to the radiative recombination of quantum confined excitons.
Moreover, Si/Ge MQW NWs exhibit also a IR photoluminescence
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at low temperature, centered at 1300 nm. A detailed time resolved
study allows to demonstrate that this emission is due to radiative
recombination of excitons confined in the large amount of Ge disks
present in each NW. At the same time, Si NWs are known to exhibit
a strong Raman activity, depending on the morphology and the ar-
ray arrangement. Here we report on the unique optical properties
exhibited by a forest of densely arranged MACetch SiNWs with a
2D fractal geometry. The texture of this new material is responsible
for a very high light trapping, Anderson localization and recurrent
multiple coherent scattering events that lead towards the experi-
mental evidences of a strong stimulated enhanced backscattering
cone of the Raman signal of Si NWs, paving the way towards Ra-
man lasing phenomena. The relevance and the perspectives of the
reported results open the route toward novel photonics applications
of group IV semiconductor NWs.

3.1 Quantum confinement in Si based nanos-

tructures

Silicon is by far the most suitable material for microelectronics.
Indeed, it is an abundant element and it has very good electrical,
thermal and mechanical stability. Moreover, its oxide (SiO2) is a
very good insulator, which can well passivate surfaces and acts as an
effective diffusion barrier. All of these properties made silicon the
leading material in microelectronic applications. Anyway, silicon
can do well even in photonics. Indeed its high refractive index (n =
3.5) makes it a good medium through which light can be guided and
transmitted. Indeed, several low loss waveguides based on silicon
have been developed, using different approaches. Moreover, silicon
based detectors have been realized, able to convert a light signal
into an electrical signal [104]. What silicon is still lacking, is an
efficient light emitter or even a laser. For a long time, silicon has
been considered unsuitable for optical application, due to the indi-
rect nature of its electronic bandgap. Indeed, once an electron-hole
pair is created inside bulk silicon, the radiative recombination pro-
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Figure 3.1: Silicon electronic bands. Green arrow shows the indirect
transition from the bottom of the conduction band to the top of the valence
band.

ducing a 1.1 eV photon necessitates of a phonon in order to conserve
crystal momentum. Silicon electronic bands are shown in fig. 3.1.
Hence the emission of a photon is a three-particles process (elec-
tron, hole and phonon) and is characterized by very small rates,
bringing to lifetimes of the order of ∼1 ms. This lifetime is too
long if compared to the recombination times of the order of s or
even ns characterizing some non-radiative transitions, such as the
Shockley-Hall-Read (SHR) recombination by deep levels introduced
in the gap of silicon by defects and metallic impurities [105, 106], or
Auger recombination with the promotion of a free carrier (electron
or hole) in higher lying levels within the conduction or valence band
respectively. All of these processes, being orders of magnitude more
probable than radiative recombination, make photon emission from
silicon a very weak process, characterized by quantum efficiencies
of the order of 10−7 − 10−6, four orders of magnitude smaller than
for direct bandgap semiconductors. In order to solve this prob-
lem, many routes have been followed. Among these, silicon based
nanostructures and defect engineering of silicon through insertion
of efficient light emitters in the crystal have shown great poten-
tialities. Once a semiconductor structure is reduced to nanometric
sizes (1-10 nm), the electron and the hole become spatially con-
fined, and cannot be described anymore by planar wavefunctions,
but as a superposition of them their wavefunctions becoming wave-
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packets. Moreover, due to the boundary conditions, only certain
wavefunctions with precise wavelengths can be supported by the
material. Therefore the energy of the confined particles becomes
quantized. In addition, since the position of the particles can be
defined with more determination with respect to the bulk, as a re-
sult of the Heisenberg’s uncertainty principle, the momentum of
the particles suffers a greater indetermination. This results in an
increase in the minimum energy level available to the particles. In-
deed, in nanostructured silicon, both the electron and the hole are
characterized by higher energies, thus producing an increase of the
energy gap with respect to bulk silicon. From a theoretical point
of view, the actual energy gap of a Si nanowire depends on the
method used, and on many corrective factors, such as the elec-
trostatic energy interaction between electron and hole forming the
exciton (∼ 1/L), the exchange interaction (∼ 1/L3) among them,
the spin-orbit interaction. Another effect of quantum confinement
is the increase in the probability associated with an optical transi-
tion. Indeed, due to the reduced size, the translational symmetry
of the system is no more satisfied and, as a consequence, the crys-
tal momentum is no more a good quantum number. This allows
for vertical, direct band to band, no-phonon transition to become
more probable [107]. The total radiative probability per unit time
can be expressed as the product of the oscillator strength times the
density of states involved in the transition. It has been shown that
the oscillator strength exponentially increases as the number of sil-
icon atoms in the nanocrystal decreases [108], thus leading to an
increase of the total radiative recombination probability. Moreover,
going from three-dimensional to zero-dimensional (quantum dots)
systems, the density of states tends to resemble the Dirac’s delta
function, producing again an increase in the probability of a photon
to be emitted in a exciton recombination process.
The first experimental results more than a decade ago demonstrat-
ing room-temperature luminescence of silicon nanocrystals (Si-NCs)
in silicon implanted SiO2 [109] or in porous silicon [93, 110] at-
tracted a strong interest among the scientific community. For clar-
ifying the origin of the observed luminescence signal as well as for
the described potential applications, tight control over the size of
the nanocrystals is essential. Synthesis of Si-NCs can be realized by
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Figure 3.2: (a) High resolution TEM of a SiOx sample after high
temperature annealing. Si NCs are clearly shown. (b) Normalized PL
spectra of SiOx thin films with different silicon concentrations annealed
at 1250 °C for 1 hour. Spectra are measured at room temperature.

ion implantation of silicon into an SiO2 matrix [111], by deposition
of sub-stoichiometric oxide films using chemical vapor deposition
(CVD) [112] or by sputtering processes [113], in all cases followed
by thermally induced precipitation and Ostwald ripening of silicon
clusters. All these methods result in a relatively broad size distri-
bution of the synthesized Si-NCs. Size control in these systems is
normally realized by shrinking the entire size distribution by vary-
ing the silicon content within the SiO2 matrix or by subsequent
oxidation of the nanocrystals [114]. The origin of the room tem-
perature photoluminescence (PL) signal from Si-NCs is still under
discussion, and some essential features of this PL signal are still
not understood in detail. Several mechanisms have been suggested
to explain the appearance of this luminescence signal, such as de-
fects within the SiO2 [115], or at the nanocrystal surface [116],
the formation of siloxene [82], or quantum confinement effects of
the excitons caused by their spatial confinement within the Si NCs
[107, 110]. As an example, fig. 3.2.a shows a high resolution TEM
image performed on a SiOx sample containing an excess of Si, i.e.
42 at. % Si annealed at 1250 °C for 1 hour [117]. The formation of
crystalline Si precipitates having nanometric dimensions is clearly
evident. The Si nanocrystals formation is thought of in terms of
a first nucleation of small Si clusters inside the matrix, followed
by an Ostwald ripening process which determines the growth of
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larger nanocrystals at the expenses of smaller ones. According to
this model, at a fixed annealing time and temperature, the mean
nanocrystal radius depends only on the total amount of Si in excess
in the SiOx matrix. All of the produced Si nanocrystals emit light
at room temperature in the range 700 -1100 nm. As an example
in 3.2.b the normalized PL spectra of Si nanocrystals obtained by
annealing at 1250 °C SiOx samples having different Si contents are
reported [117]. The luminescence signal clearly shows a marked
blue shift with decreasing Si content as a result of the smaller size
of the Si nanocrystals. Indeed, the average nanocrystals radius (as
observed by TEM) increases from 1.1 to 2.1 nm by increasing the
Si content from 37 at.% to 44 at.% Si [117].
Another confined silicon system is porous silicon (PSi). Porous
silicon was discovered by Uhlir in 1956 when performing electro-
chemical etching of silicon. At the time, the findings were not
taken further and were only mentioned in Bell Lab’s technical notes
[118]. In 1990, Canham showed that certain PSi materials can have
large photoluminescence (PL) efficiency at room temperature in the
visible: a surprising result, since the PL efficiency of bulk silicon
(Si) is very low, due to its indirect energy band gap and short non-
radiative lifetime [93]. The reason of this was the partial dissolution
of silicon, which causes the formation of small silicon nanocrystals
in the PSi material; the reduction of the effective refractive index
of PSi with respect to silicon, and hence an increased light extrac-
tion efficiency from PSi; and the spatial confinement of the excited
carriers in small silicon regions where non-radiative recombination
centers are mostly absent. In general, PSi is a interconnected net-
work of air holes (pores) in Si. PSi is classified according to the
pore diameter, which can vary from a few nanometers to a few mi-
crons depending on the formation parameters (see fig. 3.3). PSi is
mostly fabricated by electrochemical anodization (often referred to
as electrochemical etching) of bulk Si wafers in diluted aqueous or
ethanoic hydrofluoric acid (HF). Ethanol is often added to facilitate
evacuation of H bubbles, which develop during the process. To form
PSi, the current at the Si side of the Si/electrolyte interface must
be carried by holes, injected from the bulk towards the interface.
In order to achieve significant hole current in n-type Si, external
illumination of the sample is required, depending on the doping
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Figure 3.3: Examples of PSi structures: microporous (left), mesoporous
(center) and macroporous (right).

Figure 3.4: Room temperature photoluminescence spectra for various
PSi structures which have been oxidized or implanted with some selected
impurities.

level. A hypothesized chemical reaction which could describe the
anodization is:

Si+ 6HF → H2SiF6 +H2 + 2H+ + 2e−

The last term (a negative charge at the interface, to be neutralized
by the current flow) would explain the need of hole injection from
the substrate towards the Si/electrolyte interface. Similarly to most
semiconductor junctions, at the Si/electrolyte interface a depletion
zone is formed, and the width of this depletion zone depends on
the doping. Microporous PSi structures have been reported to lu-
minesce efficiently in the near infrared (IR) (0.8 eV), in the whole
visible range and in the near ultraviolet (UV) (see fig. 3.4).
Such a broad range of emission energies arises from a number of
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Figure 3.5: (a) PL spectra obtained by exciting Si NW samples having
different sizes with the 488 line of an Ar+ laser at a pump power of 10
mW. (b) Photograph of a Si NW sample having an area of about 1 cm2

excited by the 364 nm line of a fully defocused Ar+ laser beam showing
a bright red PL emission clearly visible by the naked eye.

clearly distinct luminescent bands. In addition, PSi has been used
as an active host for rare earth impurities, e.g. Nd or Er, or dye
solutions. Direct energy transfer between PS and the impurity or
dye is demonstrated.

3.2 A size-dependent photoluminescence
in Si NWs

Si NWs synthesized by metal-assisted etching using thin layers of
gold or silver are efficient light emitters at room temperature. In-
deed, some reports about photoluminescence (PL) emission from Si
NWs already exist in the literature but they are clearly not related
to quantum confinement phenomena since NWs are too large and
they exploit the presence of light emitting N-containing complexes
[119] or the phonon-assisted low temperature recombination of pho-
togenerated carriers [120], while only very few studies on room tem-
perature PL from NWs whose size is reduced by poorly controllable
oxidation processes have been reported [46, 19, 121]. The situation
is very different in the present case. In fact, fig. 3.5.a reports typi-

84



cal PL spectra obtained by exciting with the 488 nm line of an Ar
laser at a pump power of 10 mW Si NW samples having different
sizes. The spectra consist of a broad band (full width at half max-
imum of about 150 nm) with the wavelength corresponding to the
maximum of the PL emission exhibiting a shift as a function of the
NW mean size. In particular, the PL peak is centered at about 750
nm for NWs having a mean diameter of 9 nm while it is clearly
blueshifted at about 690 nm for NWs having a mean diameter of 7
nm and further shifted at 640 nm for a size of 5 nm. This behavior
strongly suggests that quantum confinement effects are responsible
for the observed light emission. Indeed emission is very bright and
visible with the naked eye. Figure 3.5.b displays a photograph of
the PL emission coming from a Si NW sample excited by the 364
nm line of a fully defocused Ar laser beam. The external quan-
tum efficiency of the system has been measured to be higher than
0.5%, by taking into account the spatial emission profile of the Si
NWs and under the conservative assumption that the exciting laser
beam is totally absorbed by the material. Further details of the
external quantum efficiency will be shown in the paragraph 3.2.3.
This value is comparable with efficiencies reported for porous Si
[95] and Si nanocrystals [122].

3.2.1 Excitation and de-excitation properties

Relevant information about the optical properties of Si NWs can be
obtained by measuring the risetime of the PL signal as a function of
the pump power, at room temperature. PL intensity I is generally
given by:

I ∝ N∗

τR
(3.1)

being N∗ the concentration of excited centers and τR the radiative
lifetime. The rate equation for NWs will be:

dN∗

dt
= σφ(N −N∗)− N∗

τ
(3.2)

being �� the excitation cross section, φ the photon flux, N the total
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concentration of optically active NWs and � the decay time, taking
into account both radiative and non-radiative processes. If a pump-
ing laser pulse is turned on at t = 0, the PL intensity, according to
the previous equations, will increase with the following law:

I(t) = I0(1− e−t/τon) (3.3)

with I0 being the steady state PL intensity and �on the charac-
teristic risetime. Indeed these measurements allow to calculate the
excitation cross section of the system, in a fashion previously shown
for Si NCs [123]. In fact, the risetime is given by:

1

τon
= στ +

1

τ
(3.4)

σ being the excitation cross section, φ the pumping photon flux
and τ the lifetime. Figure 3.6.a shows the PL risetime curves for
different pump power. Each curve has been fitted with the following
curve, slightly different from eq.3.3:

I(t) = I0(1− e−(t/τon)β) (3.5)

where the parameter β is the same for all the curves, and takes
into account the energy transfer from thinner NWs to thicker ones
during the de-excitation process, which is intrinsically involved in
this measure. By plotting the reciprocal of the risetime values at
a wavelength of 690 nm as a function of the photon flux (see fig.
3.6.b) and by a linear fit of the data (see eq. 3.4) we obtain a
value for the excitation cross section of about 5× 10−17 cm2. Note
that very similar values have been previously reported for Si NCs
[123, 124]; this fact constitutes a further evidence of the occurrence
of quantum confinement effects in Si NWs. The PL properties of
the system have been also analyzed as a function of the pump power
in the 0.5–50 mW range. In this higher pump power range, the PL
intensity increases almost linearly by increasing the pump power,
while no noticeable variation of the lifetime with increasing power
is detected. This behavior suggests that non-radiative processes, as
the Auger recombination process, do not play a relevant role in the
luminescence properties of the system. PL lifetime measurements
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Figure 3.6: (a) Normalized PL intensity vs the risetime at different
excitation photon fluxes. (b) Reciprocal of the risetime as a function of
the excitation photon flux. The slope of the curve gives an excitation
cross section of 5 × 10−17cm2. The excitation wavelength was 488 nm
and the detection wavelength was 690 nm.

were performed by monitoring the decay of the PL signal after
pumping to steady state and switching off the laser beam (overall
time resolution 200 ns). The lifetime of the PL signal, measured at
different wavelengths after the switching off of the excitation source,
is reported in fig. 3.7. The lifetime has the shape of a stretched
exponential (IPL = I0exp(−t/τ)β) and increases with increasing
wavelength with values in the range between 15 and 40 μs. These
values are two orders of magnitude above those reported for pillars
produced by e-beam lithography plus oxidation [19] demonstrating
that the quality and efficiency of the present NWs is superior by
orders of magnitude.

3.2.2 Temperature dependence of the PL emis-
sion

Further information about the origin of the PL from Si NWs, as well
as useful information about their perspectives for practical appli-
cations, can be obtained by following the temperature dependence
of the PL signal. These measurements are reported in fig. 3.8.a,
where the PL intensity (IPL) at 690 nm of Si NWs is plotted as a
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Figure 3.7: PL lifetime of the Si NWs at different emitting wavelengths.
The excitation wavelength was 488 nm and the detection wavelength was
690 nm.

function of the temperature in the range 11-300 K. The data show
that IPL monotonically increases with the temperature up to about
270 K, where the maximum intensity is found. Above this temper-
ature a slight decrease of IPL is observed. The overall dependence
on temperature is relatively weak, since the intensity change be-
tween 11 and 270 K accounts for about one order of magnitude.
The PL lifetime as a function of the temperature, measured at a
fixed wavelength of 690 nm is reported in fig. 3.8.b. The figure
shows that the PL lifetime decreases by increasing the tempera-
ture; in particular, the decay time decreases from 200 s at 11 K to
20 s at room temperature, with a variation of about one order of
magnitude. This behavior closely resembles that of quantum con-
fined Si systems, such as Si NC [125] and porous Si [126], and it is
a further confirmation of the occurrence of quantum confinement
effects in Si NWs. It has been previously demonstrated [127] that,
by solving the appropriate rate equation, the PL intensity IPL can
be expressed as:

IPL ∝ σφ
τ

τR
N (3.6)

where is the excitation cross section, φ the pumping beam photon
flux, N the total population of emitting centers, τ the luminescence
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Figure 3.8: PL properties of 150 days-aged Si NWs as a function of
the temperature in the range 11-300 K. (a) Normalized intensity of the
PL signal at 690 nm. (b) Lifetime of the PL signal, measured at a fixed
wavelength of 690 nm. The blue line is a guide to the eyes. (c) Radiative
rate (RR = 1/τR), extracted by the ratio between the PL intensity and
the decay time at a fixed photon flux. The red line is a fit to the data,
according to the model proposed in Refs. , with = 26.9±4.3 meV.
In the inset the singlet and triplet energy levels split by the electronhole
exchange energy are schematically shown.
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decay time, including both radiative and non-radiative processes
and τR the radiative lifetime. In the low pump power regime, IPL

increases linearly with pump power and it is proportional to the
ratio τ/τR. Since N and �� are temperature independent, the only
temperature dependences are due to τ and τR. In presence of non-
radiative processes τ does not coincide with τR and IPL depends
on temperature. The temperature dependence of the radiative rate
(RR = 1/τR) can be extracted by the ratio between the PL intensity
and the decay time at fixed photon flux, as shown in fig. 3.8.c, where
the radiative rate in arbitrary units at each temperature is calcu-
lated by dividing the PL intensity by the decay time. RR increases
by about a factor of 200 on going from 11 to 300 K, and this increase
is partially counterbalanced by a simultaneous increase in the ef-
ficiency of the non-radiative processes as suggested by fig. 3.8.b,
showing a marked PL lifetime shortening when the temperature is
increased. Since it is well known that non-radiative processes are
characterized by very fast decay times, we can conclude that these
processes have an increased role in the de-excitation dynamics of
Si NWs when the temperature is increased. The behavior of the
radiative rate can be explained with a model proposed by Calcott
et al. [126] for porous Si and applied also to Si NC [125, 127]. Ac-
cording to this model the exchange electron-hole interaction splits
the excitonic levels by an energy �. The lowest level in this split-
ting is a triplet state and the upper level is a singlet state. The
triplet state (threefold degenerate) has a radiative decay rate RT

much smaller than the radiative decay rate RS of the singlet. Once
excited the excitonic population will be distributed according to
thermal equilibrium law. Hence at a temperature T the radiative
decay rate will be:

RR =
3RT +RSexp

(− Δ
kT

)
3 + exp

(− Δ
kT

) (3.7)

Equation 3.7 suggests that, by increasing temperature, the relative
population of the singlet state will increase and, being the radia-
tive rate of the singlet state much higher than that of the triplet
state, also the total radiative rate will consequently increase. We
have used this formula to fit the data in fig. 3.8.c. Indeed the con-
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tinuous line is a fit to the data with � = 26.9 ± 4.3 meV. This
value is in good agreement with those previously found for porous
Si [126] and Si NC [125, 127], confirming the occurrence of quantum
confinement effects also in Si NWs. Note also that similar values
of the level splitting have been recently theoretically calculated for
Si NWs [128], though no experimental data existed. Calculations
of the splitting of the excitonic levels at detection wavelengths dif-
ferent than 690 nm have been done and the results, showing an
increased splitting for lower wavelengths (corresponding to smaller
NWs), are in agreement with literature [125, 126].

3.2.3 External quantum efficiency

In order to estimate the photoluminescence (PL) efficiency of our Si
NWs, we first proceed to the determination of their spatial emission
profile in the far-field. Figure 3.9.a reports the integrated PL inten-
sity as a function of the emission angle �, as measured by optically
pumping (�exc = 405 nm) the Si NWs at a fixed excitation angle
with respect to the sample surface. The angular dependence of the
PL intensity can be very well fitted by a cosine function (red line in
the fig. 3.9.a), which demonstrates that our Si NWs sample behaves
as a perfect Lambertian source. This allows to estimate the total
PL emission of the Si NWs by measuring the light emitted within
a given solid angle around normal direction, and then weighting it
to the total emission power of a Lambertian source. The PL power
efficiency is then given by the ratio between the total PL emis-
sion power and the absorbed excitation power. According to the
emission properties of a Lambertian source, we have for the total
emission intensity Itot:

Itot = 2Imax

∫ π/2

0

∫ 2π

0

cos(θ)sin(θ)dθdφ =

= 4πImax

∫ π/2

0

cos(θ)sin(θ)dθ = 2πImax (3.8)

On the other hand, for the same source, the light emission intensity
collected within a solid angle of angular aperture 2� around the
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Figure 3.9: (a) Normalized angular dependence of the spectrally inte-
grated photoluminescence from Si-NWs (square dots), as compared to the
Lambertian cosine law (red line). (b) Power efficiency curve of the light
emission from Si-NWs. Red line is a linear fit in the low pump-power
regime.

normal direction will be:

I2α = Imax

∫ α

0

∫ 2π

0

cos(θ)sin(θ)dθdφ =

= 2πImax

∫ α

0

cos(θ)sin(θ)dθ = πImax

[
1− cos2(α)

]
(3.9)

Thus, if P exp
2α is the PL power measured within a solid angle of

angular aperture 2� around the normal direction and Pexc is the
absorbed excitation power, the PL external power efficiency will be
given by:

ηP =
P exp
2α

Pexc

Itot
I2α

=
P exp
2α

Pexc

2

[1− cos2(α)]
(3.10)

Fig. 3.9.b shows the measured power efficiency curve of our Si NWs
as obtained by optically exciting the sample with a � = 405 nm
laser beam and collecting the PL emission with an objective lens
of numerical aperture NA = 0.4 = sin�. Under the conservative
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assumption that the 405 nm exciting laser beam is totally absorbed
by the Si NWs, we obtain from the experimental data:

ηP =
P exp
2α

Pexc

Itot
I2α

= 2× 10−4 2

1− cos2(sin−10.4)
(3.11)

The external quantum efficiency is then obtained by normalizing to
the photon fluxes of the excitation and emission beams:

ηQ = ηP
3.0 eV

1.77 eV
= 5× 10−3 (3.12)

A lower limit estimate of the external quantum efficiency is hence
0.5%.

3.3 Surface passivation in Si NWs

The PL intensity exhibits a marked aging effect. This behavior is
illustrated in fig. 3.10, where the intensity of the PL signal at 690
nm at room temperature of freshly prepared Si NWs is plotted as a
function of the air exposure time. The PL signal is seen to monoton-
ically increase as a function of the air exposure time; the experiment
has been conducted up to 245 days, and within this time lapse, an
increase of the PL intensity accounting for a factor of 250 has been
found. No noticeable variation of the peak position and shape has
been observed during the whole experiment. Two different interpre-
tations of the observed aging phenomenon are possible: since it is
known that Si surfaces, especially if freshly etched, can interact with
atmospheric reactive gases such as O2 or H2O [129], the increase of
the PL signal as a function of air exposure time can be due to the
formation of new luminescent surface states. Under this hypothesis,
the PL from Si NWs should be due to surface emitting centers (such
as siloxene and its derivates [82, 130]) whose number increases due
to the progress of the surface reactions with gaseous species. In
contrast, since it is well known that Si nanostructures exhibiting
quantum confinement effects need an efficient surface passivation
in order to suppress the non radiative de-excitation channels which
could limit the efficiency of the light emission process, the effect
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Figure 3.10: Normalized intensity of the PL signal at 690 nm of freshly
prepared Si NWs as a function of the air exposure time at room temper-
ature (black squares). The line is a linear fit to the data. The lifetime
of the PL signal, obtained by following the decrease of the PL signal at
690 nm after the laser switch-off, as a function of the aging is also pre-
sented (red circles, righthand scale). During the experiment the sample
is exposed to the laser beam only for the brief time needed for PL data
acquisition. The inset reports a typical PL spectrum obtained from a
150-days-aged sample. The PL data are obtained by exciting the sample
with the 488 nm line of an Ar+ laser at a pump power of 10 mW.
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of aging could be ascribed to an improvement of the surface pas-
sivation of the quantum confined Si NWs, through heterogeneous
(gas-solid) reactions involving O2 or H2O, leading to the formation
of Si-H, Si-O or Si-OH bonds. To discriminate between the two
above described effects, we have studied the lifetime of the PL sig-
nal as a function of the aging by following the decrease of the PL
signal at 690 nm after the laser switch-off. The lifetime data are
reported in fig. 3.10 as red points and indicate the occurrence of
an increase of the lifetime as a function of the aging; in particular,
a lifetime value of about 30 �s has been observed in 245-days-aged
samples. The common trend as a function of the aging exhibited
by PL intensity and lifetime strongly suggests that aging produces
an efficient surface passivation of the quantum confined NWs, and,
in turn, a reduction of the number of sites acting as centers for non-
radiative recombination. The occurrence of quantum confinement
effects has been confirmed by the observation that the PL signal can
be shifted by synthesizing NWs having a different mean size. We
remark finally that the absence of saturation of the PL intensity in
the explored time range (the behavior is roughly linear within the
whole time lapse) puts clearly into evidence the huge surface area
of this material. The effect of passivation on the PL properties of
Si NWs has been also studied by following the behavior of the PL
intensity at 690 nm during a prolonged exposure to the laser source
used for PL experiments (488 nm, 10 mW). The results are reported
in fig. 3.11; in particular, the red points illustrate the behavior of
the PL intensity at 690 nm of 150 days-aged Si NWs when the laser
is left on the sample kept in air. The PL intensity increases by ap-
proximately a factor of 1.5 in a time lapse of 2000 s; the increase of
the signal is sub-linear but, remarkably, no steady state is reached
even in longer experiments. The effect of the laser resembles that
of an accelerated aging; indeed the laser-induced decomposition of
gaseous molecules such as O2 or H2O increase the rate of the het-
erogeneous surface reactions leading to the NW passivation. Since
also laser-induced desorption phenomena simultaneously occur, the
observed increase of the PL signal is the result of the competition
between the two effects. This explains the sublinear increase of the
PL intensity shown in fig. 3.11, to be compared with the linear in-
crease of fig. 3.10, where no phenomena competing with passivation
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Figure 3.11: Normalized intensity of the PL signal at 690 nm of 150
days-aged Si NWs as a function of the exposure time to an Ar+ laser
beam (488 nm, 10 mW). Data refer to laser irradiation with the sample
kept in air (red points) or in vacuum (blue points). The dashed line rep-
resents the starting PL intensity. In the inset, the comparison between
the PL decay curves of 150-daysaged NWs, at the beginning of the irradi-
ation experiment (indicated with A) and after irradiation in vacuum for
6000 s (indicated with B), is reported.
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Figure 3.12: (a) Normalized PL intensity of a 40-days aged sample of
Si NWs before (red curve) and after (blue curve) a treatment in water
vapor for 5 min. (b) Decay lifetimes of this 40-days aged sample of Si
NWs before (red curve) and after (blue curve) treatment in water vapor
for 5 min. Both the PL intensity and the lifetime increase of the same
factor.

are operating. On the other hand, if, after the 2000 s laser expo-
sure, the sample is transferred in vacuum at a pressure of about
10−5 Torr, and we continue the laser exposure, the PL signal at 690
nm is seen to progressively decrease (blue points in fig. 3.11), and
an intensity lower than the initial one (represented by the dashed
line) is reached in a few thousands of seconds. This effect is due
to the fact that, in vacuum, no further formation of surface oxi-
dized species can occur and desorption becomes the only operating
phenomenon. As a final result, the PL intensity decreases because,
in absence of a good surface passivation, non-radiative processes
limit the PL efficiency of the system. It is remarkable that the PL
intensity observed at the end of the experiment is weaker than the
starting one, since this demonstrates that laser irradiation in vac-
uum is able not only to destroy the effect of the laser irradiation in
air, but also to partially remove the NW passivation due to the 150
days of aging of the sample. We underline that the experiments
illustrated in fig. 3.11 have been conducted by recording the whole
PL spectrum. No relevant variations of the shape (including both
the FWHM and the position of the maximum) of the PL peaks
were found during the whole experiment, so that the conclusions
derived from the figure do not change if we replace the PL intensity
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Figure 3.13: Transmittance FTIR spectra of a 40-days aged sample of
Si NWs before (red curve) and after (blue curve) a treatment in water
vapor for 5 min.

at a single wavelength with the integrated PL intensity. The inset
of fig. 3.11 reports the comparison between the PL decay curves at
690 nm of 150-days-aged NWs, at the beginning of the irradiation
experiment (indicated by A) and after irradiation in vacuum for
6000 s (indicated by B). The above discussed enhanced efficiency of
non-radiative processes in samples irradiated in vacuum is clearly
evidenced by the lifetime shortening from 27 to 16 �s. Figure 3.12.a
shows the normalized PL intensity of a 40-days aged sample of Si
NWs before (red curve) and after (blue curve) a treatment in wa-
ter vapor for 5 min. A permanent increase of the PL intensity by a
factor Ivap/Iuntreated = 1.7 is observable. Moreover, also the PL life-
time increases by the same factor (τvap/τuntreated = 1.5), as shown
in fig. 3.12.b. This effect could be due to an accelerate passivation
of the dangling bonds in the surface of Si NWs with Si-O-Si bonds,
similar to a wet oxidation, as shown in the transmittance Fourier
Transform Infrared Spectroscopy (FTIR) spectra of fig. 3.13, from
where absorption is clearly enhanced after wet oxidation. Passiva-
tion with other species, e.g. Si − H or Si − H2 or Oy − Si − Hx

bonds is less probable.
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Figure 3.14: (a) Cross section SEM image of an axial p-n junction
formed by an Aluminum Zinc Oxide (which is natively a n-type material)
layer grown on p-type Si NWs made by metal assisted etching. (b) A
sketch of the directly biased Si NWs light emitting device.

3.4 A Si NWs light emitting device at
room temperature

The capability of Si NWs to emit photons if electrically excited, and
therefore to constitute the active region in Si-based light emitting
devices operating at room temperature, has been tested by fabri-
cating prototype devices. The device structure is sketched in figure
3.14.a: p-type Si NWs have been formed by etching a Si substrate
containing a B concentration of 1.5 × 1020cm−3, corresponding to
a resistivity of 8 × 10−4cm−3. The electrical contacts have been
realized by depositing a 900 nm thick Au layer on the back of the
Si substrate and a 1300 nm thick layer of a transparent conductive
oxide (AZO) on the Si NWs. AZO is a conductor n-type material,
and therefore it forms a p–n junction with the underlying p-type
NWs. The junction is shown in fig. 3.14.b. The AZO layer al-
lows current injection in the device without absorbing the emitted
photons, being characterized by a transmittance of about 85% in
the spectral range 480–1300 nm. Devices have a rectangular shape,
with dimensions of the order of a few millimeter. Figure 3.15.a
shows the IV curve of the device. The pn-junction characteristic
is clearly visible, both in direct and reverse bias. The EL spec-
tra of a device forward biased at voltages between 2 and 6 V are
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Figure 3.15: (a) I/V curve (dark) of the Si NW light emitting device.
(b) Electroluminescence spectra at different direct bias voltages. (c) Top-
view emission microscopy (EMMI) of a 10 mm2 area of the device.

shown in figure 3.15.b. They consist of a broad band, centered at
about 700 nm. The shape and the position of the EL spectra are
similar to those of the PL spectra shown in figure 3.5.a; this similar-
ity constitutes strong, although indirect, evidence of the fact that
both mechanisms of excitation involve the same emitting centers,
i.e. quantum confined Si NWs. Note that the intensity fluctua-
tions visible in the EL spectra are due to interference phenomena
induced by the presence of the AZO overlayer, while the intensity
increases roughly linearly by increasing the current with operating
voltages in the range 2-6 V. Moreover, the EL intensity is quite con-
stant even in a large area of the device, as shown in the Emission
Microscopy (EMMI) in fig. 3.15.c. Even if this device is a proto-
type, these results can be considered extremely promising together
, if compared to other silicon based light emitting devices. In fact,
light emitting devices made on silicon NWs allow a lower resistance
than light emitting devices made in silicon nanocrystals embedded
in silicon dioxide, and definitely lower operating voltages.
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3.5 Coherent enhanced Raman backscat-
tering from Si NWs fractal arrays

The design of new textures of nanowire materials and the opti-
mization of dimensions and spatial arrangement play a key role on
the improvement of the optical properties, such as light trapping
and multiple scattering, towards important phenomena as coherent
backscattering [131, 132], Anderson localization of light [133, 134]
and random lasing [135, 136, 137, 138]. Si NWs are known to ex-
hibit also a strong Raman activity, depending on the morphology
and the array arrangement [139, 140, 141, 142, 143]. The demon-
stration of coherence effects and high directionality in the Raman
emission from Si NWs towards the perspective of a Raman gain
in the visible wavelength range, where the material is absorbing,
is yet a challenge and it could lead to the possibility of realizing
an ultralow threshold continuous-wave nanowire Raman laser. The
texture of the NWs medium is responsible for a very high light
trapping, Anderson localization and recurrent multiple scattering
events that lead towards the first experimental evidence of a coher-
ent enhanced backscattering cone of the Raman signal of Si NWs.
The 2D fractal geometry of the Si NWs has been shown in fig. 2.4
of chapter 2. This texture is obtained after the deposition pro-
cess of the thin gold layer quite below the percolation limit (54%
of estimated surface coverage) and then imposed on Si NWs as a
negative mask during the wet etching procedure. The 2D fractal
geometry and the lack of translational invariance can lead to wave
spatial localization inside the system [144, 145]. This sort of lo-
calization, in which a wave cannot propagate through a disordered
medium because of strong scattering, was predicted by Anderson
and it is a general phenomenon of waves, which applies equally to
the propagation of sound and light [134].

To uncover the light-scattering properties of our Si NWs forest we
first study the optical reflectance in the visible to the near-infrared
spectral range. The diffused and total reflectance spectra were ac-
curately measured in the range 200 - 1800 nm by means of a double-
beam spectrophotometer (Varian, CARY 6000i) equipped with an
integrating sphere. In the diffused reflectance geometry, the spec-
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Figure 3.16: Experimental evidence of light trapping property of fractal
array arranged Si NWs. a,b. Diffuse (a) and total (b) reflectance of Si
NWs sample (blue lines) and of a bulk c-Si front and back surfaces (green
and red lines respectively).

ular component of the light reflected at the sample surface is ex-
cluded from the integrating sphere (see the scheme in fig. 3.16.a),
allowing the measurement of the diffused light only. In the total
reflectance geometry, both the specular and diffused components
are sent to the detector in the integrating sphere (see the scheme
in fig. 3.16.b). Figure 3.16.a shows the diffuse reflectance, obtained
by excluding the specular component, in three different cases: a
SiNW forest, an optically flat Si sample and an optically rough Si
sample, the back surface of a silicon wafer with a roughness in the
tens of microns scale. In this latter case, the diffuse reflectance
assumes the values expected from the Fresnel coefficients at the
Si-air interface, indicating a simple diffusing behavior over all the
investigated spectral range. Notice the marked step in the spec-
trum at 1.1 μm wavelength, corresponding to the suppression of
the back-surface reflection in the sample due to optical absorption
above the Si electronic bandgap. On the other hand, a clear evi-
dence of two different diffusion regimes is observed in the Si-NW
sample. In fact, while in the non-absorbing region the diffuse re-
flectance displays a behavior similar to that measured in the rough
Si sample, for wavelengths above the Si bandgap we observe a sharp
drop to near-zero reflection (lower than 1%). Such a behavior gives
a clear evidence of a strong light-trapping and absorption mecha-
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nism through multiple-scattering diffusion from the Si NWs forest.
This is further supported by the total reflectance spectra of the
same set of samples, obtained by measuring both the diffused and
specular components, as shown in fig. 3.16.b. Here, in the strongly
absorbing visible region, the total reflectance of the rough Si sample
assumes high values and is very similar to that one of the flat Si
sample (for which the total reflectance coincides with the specular
reflectance), thus confirming the single-scattering nature of the dif-
fusion occurring in the rough Si sample. However, in the Si NWs
sample the short wavelength total reflectance keeps always to very
low values as for the diffuse reflectance, demonstrating a strong
absorption due to multiple scattering. A similar black body ex-
perimental evidence has been recently demonstrated for a forest of
single-walled carbon nanotubes [146]. A key role in this behavior
is played by the texture of the sample that supports a very high
light trapping efficiency and that is enhanced at normal incidence
to the top of the NWs. Indeed, due to the low reflection, almost
all the light propagates through the forest and interacts with the
nanowires walls, then, at each interaction, it is absorbed, transmit-
ted and reflected inside the sample more times as in a trap until
the complete absorption occurs.
Micro-Raman spectra have been acquired in a back-scattering con-
figuration by using a Horiba-Jobin Yvon spectrometer. This set up
allows for a multi-wavelength excitation making use of a He-Ne, two
argon ion lasers, one used to produce the UV line at 364 nm and the
other one for the visible wavelengths, and a diode laser at 785 nm.
The excitation powers were maintained very low (ranging between
hundred and tens microwatts, depending on the laser wavelength)
and the laser beams were focused by using a 100X objective (NA
= 0.9) in the visible and near IR excitation spectral range and a
fluorinated 60X (NA = 0.9) in the UV excitation. Angle-resolved
Raman spectra have been acquired by means of a home-made go-
niometer coupled to a liquid nitrogen cooled Si-CCD (Spec 400 BR,
Princeton Instruments), with an angular resolution of about 2° set
by the collection optics. A variable-angle excitation has been ob-
tained by means of a 488 nm CW solid state laser focused to a 100
μm diameter spot onto the sample surface. In figure 3.17.a the opti-
cal emission spectrum obtained by exciting the investigated sample
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Figure 3.17: Raman enhancement evidences of Si NWs fractal array
sample due to multiple scattering. (a) PL and Raman emission spectrum
obtained by exciting Si NWs sample with the 488 line of a solid state
laser at a pump power of 20 mW. The Rayleigh line was attenuated 10−6

times by using an edge filter. (b) Comparison between Raman spectra
of Si NWs (blue line) and bulk c-Si (red line) obtained by exciting the
samples with a 364 nm of an Ar+ laser for 5s at a pump power of 0.4
mW; the Rayleigh line was here attenuated 10−5 times.

with the 488 nm line of a solid state laser at a power of 20 mW is
shown. The PL band, peaked at 690 nm, is clearly visible, how-
ever the most dominant feature is represented by an exceptionally
strong first order Si Raman peak at 500.7 nm (about 520 cm−1 of
Raman shift). In figure 3.17.b the Si NWs forest Raman spectrum
(blue line) under an excitation wavelength of 364 nm and a power
of 0.4 mW focused to a spot of about 1 μm diameter is shown. Its
intensity as compared to that of the single-crystalline Si (c-Si) used
to obtain the NWs sample (red line), appears strongly amplified
(about 37 times); this occurrence makes the SiNWs Raman signal
detectable also at very low incident laser power (until 100 nW).
Note that only a 21% of Si surface coverage is estimated by SEM
images after the wet-etching process in the NWs sample when the
wires process is complete, if the fractal like texture is considered
(see fig. 2.4b,c,d in chapter 2), while the crystalline core of Si NWs
that gives a significant Raman contribution covers only about 13%
of the probed total area, due to their surface oxidation. The ac-
tual Raman enhancement, if we normalize for the silicon volumes,
is hence by a factor of 285. On the other hand, in fig. 3.17.b a
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Figure 3.18: Raman enhancement evidence of Si NWs fractal array sam-
ple due to multiple scattering. Plot of the Si first order Raman enhance-
ment per unit volume (REV) as a function of the incident wavelength for
Si NWs compared to the signal of the bulk silicon used as reference. The
red line is the best fit curve that exhibits a λ−4 dependence.

reverse phenomenon can be noticed in the Rayleigh peak, which is
drastically reduced as compared to that of c-Si. We register a con-
siderable Si NWs Raman enhancement compared to the c-Si signal
by exciting in the entire visible spectral range. In figure 3.18 it
is shown the trend of the Raman enhancement value per unit vol-
ume (REV) as a function of the incident wavelength. The REV is
obtained by evaluating the ratio between the Si NWs and the c-Si
Raman intensities and then normalizing to the scattering volumes,
as:

REV =
INWVc−Si

VNW Ic−Si

(3.13)

In the last few years, a significant Raman enhancement for individ-
ual Si-nanowires has been demonstrated and explained in terms of
structural resonances in the local field [139, 140] lightened at some
characteristic laser wavelengths. However, as clearly deducible from
the best fit of the data shown in fig. 3.18, the REV exhibits a λ−4

dependence that is far from the resonant Raman effects reported
in literature [139, 140, 141, 142, 143]; we attribute this trend as a

105



Figure 3.19: Further experimental evidences of Raman enhancement
from Si NWs array due to multiple scattering. (a) Sketch of the exper-
imental conditions used for angle resolved Raman measurements, where
θ is the angle formed by the laser beam propagation direction and the
normal axis to the NWs sample surface (incidence angle) and φ is the
detection angle of the Raman signal coming from the sample. (b,c) Ra-
man spectra taken at θ = 0, φ = 0 showing the comparison between first
order Si peaks in absence (red lines) and in presence (blue line) of Sili-
cone oil for bulk c-Si used as reference (b) and Si NWs (c).

function of λ to an explicit fingerprint of the multiple scattering
nature of the observed phenomenon. Then, as assumed by Kastler
theory [147], as a result of multiple scattering events, a redistribu-
tion of the scattered photons in the field of allowed Rayleigh and
Raman frequencies occurs, as a consequence the Rayleigh photons
will decrease exponentially following a geometrical progression and
pumping the Raman photons population. To corroborate the role
of multiple light scattering on the Raman signal intensity in our sys-
tem, we added a drop of silicone oil to the sample, aiming to change
the refractive index mismatch at the NWs interfaces Si/SiO2/air.
In fig. 3.19 we compare the Raman spectra of Si NWs and the c-Si
reference before and after the silicone oil addition (refractive index
1.6). The spectra are taken in a backscattering experimental con-
figuration (see sketch in fig. 3.19.a for θ=0 and φ=0). Due to its
optical transparency and high refractive index, the silicone oil acts
as an antireflection layer at the Si-air interface, thus increasing the
transmitted light that is responsible for the Raman excitation. As a
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result, the Raman scattering intensity for the reference bulk-Si sam-
ple is markedly increased as compared to the same sample without
oil, as shown in fig. 3.19.b. On the other hand, the opposite behav-
ior is observed when adding the silicone oil to the Si NWs sample,
as reported in fig. 3.19.c. In this case, the introduction of silicone
oil into the interstitials between Si NWs has the additional effect of
substantially reducing the light scattering ability by lowering the
refractive index contrast at the interfaces Si/SiO2/air, which leads
to a suppression of multiple scattering and a consequent reduction
in the measured Raman signal. Such a behavior represents a further
strong evidence that the observed Raman scattering enhancement
form Si-NWs forest is indeed due to a multiple scattering effect.
We finally explore the angular dependence of the multiple light scat-
tering behavior by recording the enhanced Raman signal from Si
NWs as a function of both the excitation angle θ and the collec-
tion angle φ (see sketch in fig. 3.19.a). The results are shown in
figure 3.20.a, where a strong deviation from the expected angular-
dependent Raman scattering intensity of Si (111) is observed for
scattering angles close to normal excitation (note that the c-Si
curves, solid lines in figure, are multiplied by a factor of 80 to allow
a comparison with the NWs data). The enhanced Raman backscat-
tering (here in ERBS) cone, especially around its center, appears
to be clearly cusped both at small positive and negative detection
angles with respect to the incident radiation. This surprising be-
havior for the Raman signal closely resembles the observations for
light diffusion in strongly scattering materials, where the construc-
tive interference between forward and backward multiple-scattering
optical paths gives rise to the well known phenomenon of coherent
backscattering. Enhanced Raman scattering from vertical silicon
nanowires ordered arrays has been recently demonstrated in liter-
ature due to the combined effect of optical resonances from single
wires and the confinement of light within the arrays [141, 142],
however the present work shows for the first time a cone of strongly
enhanced Raman signal in the backscattering direction. On the
other hand, coherent Rayleigh backscattering cones with a wide
angular aperture has been recently observed in GaP NWs arrays
[148], but here we show the same angular dependence for the Ra-
man scattering never seen until now.
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Figure 3.20: Experimental evidences of coherent Raman backscattering
in Si NWs. (a) Angular dependences of the integrated intensity of the
first order Si Raman peak of the NWs sample fixing the incidence an-
gle of the laser beam at =0° (red wine) =-20° (blue) and at =-50°
(green). The continuous lines represent the calculated Raman emission
curve for a Si(111) surface as a function of the detection angle for =0°
(red wine), =-20° (blue line) and =-50° (green). The calculated curves
are normalized to the intensity values of Si NWs sample by a multiplying
factor of 80. (b) Angular dependence plot of the first to second order Si
Raman peak intensity ratio in Si NWs for incident radiation angles =0°
(red wine), =-20° (blue) and =-50° (green) normalized to the average
value obtained for =-50° .
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An important point is that the ERBS cone is detected when the
laser light forms small angles with the normal to the sample surface,
up to about 20°, while for increasing angles of incidence this pecu-
liar feature is progressively smoothed out. As shown in fig. 3.20.a,
at wide incidence angles ( θ = 50°) the Si NWs Raman signal per-
fectly follows the angular dependence of that one coming from a Si
(111) surface in the same experimental configuration, here the solid
green line represents the calculated unpolarized Raman scattering
curve for a Si (111) surface as a function of the detection angle
when θ = -50° multiplied by a factor 80 (see ref. [149]for simulation
details). To exclude shadow effects due to the absorption of the
Raman emission by the Si NWs side walls we explored the angular
dependence of the Raman scattering at θ = 0° by using the 785
nm line of a diode laser as excitation wavelength, where the Si is
characterized by a lower absorption coefficient while the sample yet
shows an high light trapping efficiency. Also in this experimental
configuration we obtained a well defined ERBS cone, while the PL
emission, excited by using a 488 nm at incidence angle close to the
normal and measured in the range between 550 and 900 nm, shows
a perfect Lambert’s cosine law (shown in the previous paragraph).
Moreover, by analyzing the angular-dependent Si Raman spectra
we find that for small angles around the backscattering direction, a
systematic enhancement of the first order Si Raman peak as com-
pared to the second order peak occurs. This feature disappears at
wide incidence angles ( θ = 50°), for which the angular dependence
of the second order peak is similar to that one obtained for the first
order peak, and no significant change in the ratio as a function of the
detection angle is observed. In fig. 3.20.b the 1st/2nd order intensity
ratio is shown for all the investigated excitation angles and normal-
ized to the constant value obtained for θ = -50° (green). Adopting
this procedure the backscattering enhanced cones of the first order
Si Raman peak are well visualized because of the exclusion of the
diffusive background. The ERBS cones here shown strongly sup-
port the occurrence of a phase matching between the laser beam
and the backscattered Raman radiation that is not straightforward
due to the spatially incoherent nature of the spontaneous Raman
scattering process.
In order to correctly interpret the previous experimental evidences
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we make here some considerations. We demonstrated that the 2D
fractal-like texture of the Si NWs sample allows for multiple scat-
tering of light and we know that, due to the the lack of translational
invariance, wave spatial localizations inside the system may occur.
The condition to be achieved for the observation of localized modes
is the fulfillment of the Ioffe-Regel criterion 2π

λ
ls ≤ 1 [150], that for

optical waves is obtained when the wavelength of light λ is close
to the scattering mean-free path ls (i.e. when 2π

λ
ls ≤ 10 ), and

in a fractal system like this it is certainly satisfied allowing for a
recurrent multiple scattering and possibly Anderson localization of
light in some points. We propose that in our system the activation
of recurrent multiple scattering phenomena, leading to Anderson
localization of light, is established by the incidence angle of the
pump laser beam and then by the light trapping efficiency that is
enhanced at normal incidence to the top of the NWs. Then we
suggest that exactly along these loop-type recurrent paths, acting
as ring cavities where the scattered laser field joins very high inten-
sities, also the Raman photons that propagate with a wavevector
that closely phase matches that one of the incident radiation, could
experience the maximum of multiple scattering events. Moreover
we expect that, along these optical paths, the Rayleigh scatter-
ing is subjected to a coherent backscattering process due to the
constructive interference between forward and backward multiple-
scattering. As a consequence we can deduce that, due to an anal-
ogous process, also the Raman scattered photons involved in the
loop-type recurrent paths and then showing phase matching with
the laser field coherently interfere, even if with an expected lower
coherence degree compared to that one of the Rayleigh radiation.
The proposed mechanism is not far from the well known stimulated
Raman scattering process [151, 152] (SRS) where the coherent emis-
sion exhibits a narrow cone in the forward and backward directions
with respect to the pump laser. The crucial differences are that the
SRS is a nonlinear optical process where the Stokes intensity gains
exponentially with the propagation distance through the medium,
while the coherent Raman backscattering here proposed cannot join
value higher than twice the diffusive Raman background contribu-
tion, in analogy with the coherent Rayleigh backscattering phenom-
ena, and remains a linear phenomenon. We could suppose that a
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Figure 3.21: Room temperature PL of Si/Ge MQW NWs obtained by
etching a Si/Ge MQW substrate covered by 2 nm Au and 3 nm Au re-
spectively.

SRS threshold is activated by the incidence angle of the pump laser
beam , anyway the absence of a clear experimental evidence of a
gain threshold with the laser power, makes us lean to propose a
coherent Raman backscattering process.

3.6 Si/Ge MQW NWs photoluminescence
properties

Si/Ge MQW NWs can be obtained by metal assisted etching start-
ing from a Si/Ge MQW as a substrate. Their fabrication has been
shown in par. 2.2.2. Si/Ge MQW NWs are constituted by 54 nm
long nanowiskers of Si and by dots of Ge thinner than 1 nm, as
confirmed by TEM analyses. This structure is repeated several
times in each NW, for all its length. In this paragraph their op-
tical properties will be highlighted. It will be shown that both of
these two materials, Si wiskers and Ge disks give rise to lumines-
cence phenomena. On the other hand, this system is slightly more
complicate than bare MACetch Si NWs, because of the addition of
Ge. In fact, the room temperature luminescence coming from quan-
tum confined Si occurs anyway, as shown in fig. 3.21. This picture
shows the room temperature PL of Si/Ge MQW NWs obtained by
etching a Si/Ge MQW substrate covered by 2 nm Au and 3 nm Au
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respectively. As demonstrated for Si NWs, also for Si/Ge MQW
NWs an increasing thickness of gold should correspond to thinner
NWs. In fact, the RT PL spectra shown in fig. 3.21 show that, by
increasing the gold thickness the size decreases and the wavelength
decreases according to quantum confinement effects. This effect
is the same effect shown in fig. 3.5.a. in section 3.2 for Si NWs.

Figure 3.22: A
sketch of the flat
band scheme of the
Si/Ge/Si structure
which is repeated 62
times in the Si/Ge
MQW substrate and
in the Si/Ge MQW
NWs.

From an energy point of view, fig. 3.22 de-
picts a flat band scheme of the Si/Ge/Si struc-
ture which is repeated 62 times in the Si/Ge
MQW substrate and hence also in the Si/Ge
MQW NWs after the etching is performed.
Typically, each Si/Ge/Si is a quantum well for
both electrons and holes, hence in this system
the occurrence of quantum confinement effects
is strongly expected. Both carriers should be
confined in one dimension and free in the other
two in the case of the Ge layers before NWs
formation, while a 3D confinement is expected
once the substrate is etched, hence for the Ge
dots in the NWs. Figure 3.23.a shows the bulk
Ge electronic bands at low temperature. The
conduction band edges of the direct and of the
most probable indirect recombination are high-
ligted in red and green respectively. The rela-
tive energy gaps are highlighted in the table of
fig. 3.23.b. Figure 3.23.c shows the PL spec-
trum of the Si/Ge MQW NWs (in blue) com-
pared to the Si/Ge MQW substrate (in black),
at 11K. The emission is peaked at 1 eV. The analysis has been con-
ducted in Si/Ge MQW NWs obtained etching a substrate covered
by 2 nm Au. An increase of the PL signal equal to 4.5 is observable.
Considering that the NWs fill only 50% of the original substrate
area, this increase is by one order of magnitude. Moreover, the
vertical dashed curves in green and red corespond to the indirect
and direct recombination in bulk Ge. It is striking to see that these
energies are well below the observed ones for both the Si/Ge MQW
substrate and NWs. This shift could be due to quantum confine-
ment effects of the carriers along the direction perpendicular to the
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Figure 3.23: (a) Electronic band structure of bulk Ge at 11K. (b) Table
of the relative energy gaps at 11K. (c) IR PL spectra of Si/Ge MQW
NWs in blue and Si/Ge. MQW substrate (in black).
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Ge layers, and it is a fingerprint of the 1D confinement in both
the substrate and the Si/Ge MQW NWs. On the other side, the
PL intensity increase by one order of magnitude can be due to an
increase in the oscillator strength in the NWs, because of the 3D
confinement of the Ge disk rather than the 1D confinement of each
Ge layer in the substrate. Figure 3.24.a shows the PL intensity of
Si/Ge MQW NWs measured at λ = 1220 nm (1 eV) as a function
of the temperature.

Figure 3.25: Comparrison between IR PL lifetime decay at λdet =1300
nm and λdet =1220 nm.

It shows that, by increasing the temperature, a quencing of the IR
PL emission occurs. This is due to non radiative phenomena which
arise by increasing the temperature, and which are faster than ra-
diative ones. Moreover, a shift of the IR PL spectra is observable in
figure 3.24.b. In fact, as the temperature increases, the normalized
IR PL spectra shifts towards higher wavelengths (lower energies).
This shift is a fingerprint of both the direct and indirect gap de-
crease as the temperature increases, due to the expansion of the
lattice as the temperature increases. Moreover, the lifetime of the
IR PL signal has been measured at two different detection wave-
lengths, i.e. 1220 nm and 1300 nm, and no significant change in the
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Figure 3.24: (a) IR PL intensity measured at 1220 nm as a function of
the temperature (b) Normalized IR PL intensity at different temperatures,
from 11K to 150K.
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lifetime has been observed. These curves are shown in figure 3.25.
This means that the IR PL band comes from the same emitting cen-
ter. An accurate analysis of the decay lifetime has been conducted
and a double exponential decay can be observed. As it is shown
in figure 3.25, there is an order of magnitude of difference between
the ”slow” (tens of μs) and the ”fast” (μs) components of the life-
time decay. The presence of two different decay times demonstrates
the clean existence of two different de-excitation channels. Figures
3.26.a and 3.26.b show the temperature dependence of the slow and
the fast decay time (in red) respectively. The lifetimes have been
measured at a λdet = 1220 nm. The component of the PL inten-
sity of the slow and the fast decay time is shown in black for being
compared with the lifetimes. It is striking to observe that both
the slow and the fast components decrease proportionally with the
PL intensity as the temperature increases. This is a clear evidence
that non radiative phenomena occur and quench the luminescence.
Figure 3.27.a shows the sublinear behavior of the IR PL intensity,
measured at λ = 1220 nm, as a function of the photon flux. In
order to understand the reasons for this behavior the data have
been be analyzed in detail. The data in fig. 3.27.a can be described
by solving the rate equation which accounts for the excitation and
de-excitation processes of excitons in the Si/Ge/Si emitting center:

dN∗

dt
= σφ(N −N∗)− N∗

τ
(3.14)

where N is the total amount of excitable emitting centers, N* is the
excited emitting center population, σ is the cross section for exci-
tation, φ is the photon flux impinging on the sample, and τ is the
lifetime of the excited state taking into account both radiative and
nonradiative processes. At steady state, solving eq. 3.14 and tak-
ing into account that the PL intensity is proportional to N∗/τrad ,
where τrad is the radiative lifetime of the emitting center, we obtain:

I

Imax

=
στφ

στφ+ 1
(3.15)

with Imax ∝ N/τrad . From a fit to the data of fig. 3.27.a using
eq. 3.15 we obtain a στ value of 5.3 × 10−22 cm2s. In order to
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Figure 3.26: (a) Temperature dependence of the slow lifetime compared
to the slow component of the PL intensity. (b) Temperature dependence
of the fast lifetime compared to the fast component of the PL intensity.
All measurements have been performed at a pump power of 10 mW, ex-
citation at 488 nm and detection wavelength of 1220 nm, on a Si/Ge
MQW NWs sample of length equal to 2800 nm.

117



Figure 3.27: (a) Sublinear behavior of
the IR PL intensity, measured at λ =

1220 nm, as a function of the photon
flux. (b) Fast lifetime and slow lifetime
as a function of the photon flux. (c) Ra-
tio Aslow/Afast +Aslow as a function of
the photon flux. All measurement are
performed at 11 K under a 488 nm exci-
tation wavelength, and a detection wave-
length of 1220 nm.

obtain the value of the ex-
citation cross section σ, a
study of both the fast and
the slow lifetime as a func-
tion of the pump power
has been conducted (see fig.
3.27.b). As the photon flux
increases, both the fast and
the slow lifetimes decrease,
due to non radiative phe-
nomena, e.g. the Auger ef-
fect. However, it is impor-
tant to understand the con-
tribution of the fast and the
slow channel to the PL in-
tensity. This has been mea-
sured, by fitting each PL
lifetime decay with a double
exponential with its relative
pre-factors Aslow and Afast.
The ratio Aslow/(Afast +
Aslow) vs the photon flux is
shown in fig. 3.27.c. At high
photon fluxes, the contribu-
tion of the slow component
is negligible and we can con-
sider a mean lifetime of 0.5
μs. Hence, the measured
excitation cross section is
σ =1×10−15cm2. This value
is compatible with the exci-
tation cross section of exci-
tons, excluding an origin of
the IR PL due to defects.
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Conclusions

In conclusion, it has been demonstrated that metal-assisted etching
processes can be used to produce ultrathin Si NWs exhibiting effi-
cient RT luminescence due to quantum confinement effects. These
NWs can be electrically excited and a prototype light emitting de-
vice has been demonstrated. It is noteworthy that these NWs have
highly controlled and reproducible structural properties also over
very large areas, up to the wafer scale, demonstrating the potential
applicability of this technique also in an industrial environment.
In addition they have an electrically active dopant concentration
simply determined by the doping of the etched substrate. Changes
in the concentration or in the nature of the dopant, or even the
formation of p–n junctions inside the NWs, can be very simply and
effectively accomplished by a proper change of the characteristics
of the starting substrate. The potential advantages related to the
ease of doping of Si NWs synthesized by metal-assisted etching are
enormous, since, on the other hand, it is well known that the doping
of NWs grown by techniques based on the VLS mechanism presents
important problems, both for in situ and ex situ approaches, such as
incomplete dopant activation, dopant surface segregation, or even
Si NW structural damage in the case of ion implantation. It is
also remarkable that there is no metal inclusion inside the NWs,
which is one of the main factors which makes application in opti-
cal and electrical devices of NWs grown by metal-catalyzed VLS
techniques difficult. Metal particles are indeed trapped at the bot-
tom of the etched regions. Since the whole process is performed
at room temperature, diffusion inside the wires is negligible and
metal atoms can be effectively removed at the end by an appropri-
ate selective etching. Then, the analysis of the PL properties as
a function of aging, temperature and pump power of Si NWs pre-
pared by metal-assisted wet etching strongly supports the idea that
photon emission is due to quantum confinement effects. Moreover,
the peculiar high surface reactivity exhibited by the wires, and its
influence on the PL properties of the system, makes this material
potentially interesting also for sensor fabrication. Finally, it be-
comes important to compare performances and perspectives of Si
NWs with those of Si NCs, which have been generally recognized
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as the most promising Si-based materials for applications in light
sources. While Si NWs show strong similarities to Si NCs from sev-
eral points of view, they have in fact much stronger potentials. Si
NWs have the great advantage over Si NCs of being a continuous
1D Si system. Indeed, it is well known that tunneling phenomena
are the main conduction mechanism in Si NCs embedded in SiO2.
This determines high operating voltages, which could probably pre-
vent any practical device application of Si NCs; furthermore, oxide
breakdown phenomena constitute the main failure mechanism for
devices based on Si NCs. In contrast, Si NWs can be fabricated in
very dense arrays, are very good conductors and we have demon-
strated light emitting devices operating at low voltages (2 V). On
the other side, by studying and understanding the mechanisms of
emission of Si NWs, it has been possible to increase the complex-
ity of this system by inserting Ge dots inside each Si NW. In this
way the photoluminescence properties of Si/Ge MQW NWs have
been studied, and a luminescence due to exciton recombination in
the Ge disks has been demonstrated. Finally, concerning Raman
experiments on Si NWs , we demonstrated that a forest of verti-
cally aligned densely arranged Si NWs with a 2D fractal geometry
shows a high light trapping efficiency and highly directional Raman
emission field due to multiple scattering phenomena. Our findings
give the first strong experimental evidence for a coherent Raman
backscattering phenomenon occurring in strongly scattering mate-
rials, paving the way for the optimization of Si NWs technology
towards Raman gain and lasing in the visible range.
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Chapter 4

Optical trapping of Si NWs

Abstract

Optical trapping [153, 154, 155] (OT) of nanostructures has ac-
quired tremendous momentum in the past few years. Manipu-
lating nanoparticles with OT is generally difficult because radi-
ation forces scale approximately with particle volume [155, 156]
and thermal fluctuations can easily overwhelm trapping forces at
the nanoscale [155]. However semiconductor and optical nonlinear
[157, 158] nanowires, carbon nanotubes, [159] polymer nanofibers,
[160] graphene, [161] quantum dots, [162] and plasmonic nanoparti-
cles [163] have now been stably trapped thanks either to their highly
anisotropic geometry [164, 165, 166, 167, 157, 158, 159, 160, 161]
or to their intrinsic resonant behavior [162, 163]. They have been
manipulated to build nanoassemblies, [164, 165] as well as to accu-
rately measure forces with a resolution at the level of femto-Newtons
crucial for photonic force microscopy applications [157, 159, 161,
168, 169]. Nanotools [168] have been specifically designed in order
to combine the outstanding force-sensing capabilities of OT with
increased nanometric precision and bridge the gap between micro
and nanoscale in fluidic environments [169]. Furthermore the in-
tegration of OT with Raman spectroscopy allowed for ultrasensi-
tive chemical-physical analysis of trapped particles [161, 170, 171].
In this context, the role of size-scaling is crucial for understand-

121



ing the interplay between optical forces and hydrodynamic inter-
actions [172] that change dramatically with size, hence much af-
fecting both force-sensing and spatial resolution in precision appli-
cations [165, 157, 159, 168, 169]. Here we investigate how optical
trapping and Brownian motion of very thin (7±2 nm diameter)
Si NWs are dependent on size. We show how their length is the
key parameter that regulates forces, torques, and hydrodynamics.
We fully characterize the three-dimensional translational and an-
gular Brownian motion, measure root-mean-square displacements
and show the different size-scaling due to the interplay between ra-
diation forces defining the trapping potential and hydrodynamics.
Finally, we compare our findings with a full electromagnetic theory
of optical trapping of SiNWs, showing good agreement when taking
into account aberration from the coverslip-water interface.

4.1 Optical tweezers

It has been known since the XVII century that light can exert forces.
But it was only with the invention of the laser in the 1960 [173] that
it became possible to exploit these forces. In 1970 a seminal pa-
per from Ashkin [174] demonstrated that it was possible to use the
forces of radiation pressure to significantly affect the dynamics of
transparent micrometer neutral particles. In 1986, Ashkin et al. re-
ported the first observation of what is now commonly referred to as
an optical trap [153]: a tightly focused light beam capable of hold-
ing microscopic particles in three dimensions. It is well known from
quantum mechanics that light carries a momentum: for a photon
a wavelength λ the associated momentum is p = h/λ, where h is
the Plank constant. For this reason, whenever an atom emits or ab-
sorbs a photon, its momentum changes according to Newton’s laws.
Similarly, an object will experience a force whenever a propagating
light beam is refracted or reflected by its surface. However, in most
situations this force is so much smaller than other forces acting on
macroscopic objects that there is no noticeable effect and, there-
fore, can be neglected. Objects, for which this radiation pressure
exerted by light starts to be significant, weigh less than 1μg and
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Figure 4.1: Trapping regimes and typical objects that are trapped in
optical manipulation experiments.

their size is below 10 μm. A focused laser beam acts as an attrac-
tive potential well for a particle. The equilibrium position lies near
- but not exactly at - the focus. When the object is displaced from
this equilibrium position, it experiences an attractive force towards
it. This restoring force is in first approximation proportional to the
displacement. In other words, optical tweezers force can generally
be described by Hooke’s law:

Fx = −kx(x− x0) (4.1)

where x is the position of the particle, x0 is the focus position and
kx is the spring constant along x of the optical trap, usually referred
as trap stiffness. In fact, optical tweezers create a tridimensional
potential well that can be approximated by three independent har-
monic oscillators, one for each of the x, y, and z directions. If the
optics are well aligned, the x and y spring constants will be roughly
the same, while the z spring constant, instead, is typically smaller
by a factor of ≈ 5 ÷ 10. In optical trapping experiments, light
force is provided by a laser beam and objects ranging from tens of
nanometers to tens of microns, such as cells, micron-sized dielectric
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particles or nano-sized metallica beads, are manipulated. Consid-
ering the ratio between the characteristic dimension L of the object
and the wavelength λ of the trapping light, three different trapping
regimes can be deinfed:

1. Rayleigh regime, when L � λ;

2. an intermediate regime, when L is comparable to λ;

3. geometrical optics regime, when L 	 λ.

In fig. 4.1 an overview of the kind of objects belonging to each of
these regimes is presented, assuming that the trapping wavelength
is in the visible or NIR spectral region. In any of these regimes,
the electromagnetic equations can be solved to evaluate the force
acting on the object. However, this can be a cumbersome task. For
the Rayleigh regime and geometrical optics regime approximated
models have been developed, which allows one to going insight into
the physics of optical trapping. However, most of the objects that
are normally trapped in optical manipulation experiments fall in
the intermediate regime region, where the Rayleigh or geometrical
optics approximation cannot be used. In particular, the probes we
use in this thesis lie in the intermediate regime: they typically are
Si NWs with diameter of a few nanometers and length between 1
μm and 5 μm. In the following we will see more in detail the optical
forces in the Rayleigh regime and in the geometrical optics regime.

4.1.1 Rayleigh regime for a bead

A macroscopic particle with dimensions much smaller than the
wavelength λ of the illuminating electromagnetic field is well de-
scribed by a dipole, i.e. by two bounded oppositely charged parti-
cles with masses m1 and m2, placed respectively at r1 and r2, such
that ||s|| = ||r1 − r2|| � λ. The equation of motion for the two
particles follows the Lorentz law:

{
m1

d2r1
dt2

= q
[
E(r1,t) +

dr1
dt

×B(r1, t)
]−∇U(r1, t)

m2
d2r2
dt2

= q
[
E(r2,t) +

dr2
dt

×B(r2, t)
]
+∇U(r2, t)

(4.2)
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where the binding potential U has been included in the equation.
The two particles constitute a two body problem which is most
conveniently solved by introducing the center of mass coordinate

r =
m1

m1 +m2

r1 +
m2

m1 +m2

r2 (4.3)

and the dipole moment p = qs. Combining this notation with eq.
4.2, the mechanical force exerted by the electromagnetic field on
the dipole is:

F(r, t) = p · ∇E(r, t) +
dp

dt
×B(r, t) +

d2p

dt2
× p · ∇B(r, t) (4.4)

where, using the dipole approximation ||s|| � λ, the Taylor expan-
sion of the electric and magnetic fields at the positions of the two
particles can be truncated at the first order. The third term of the
right hand side is usually much smaller than the other two terms
and, therefore, can be neglected:

F(r, t) = p · ∇E(r, t) +
dp

dt
×B(r, t) (4.5)

It is interesting to note that the field appearing in this equation
corresponds to the incoming one, i.e. the dipole is assumed not
to change the fields, which is very convenient from the computa-
tional point of view. If the dipole is illuminated by an arbitrary
monochromatic electromagnetic wave with angular frequency ω,

{
E(r, t) = Re [E(r)e−jωt]

B(r, t) = Re [B(r)e−jωt]
(4.6)

its momentum is:

p(t) = Re
[
pe−jωt

]
(4.7)

This means that the fields and dipole moment can be represented
by their complex amplitudes E(r), B(r) and p. Assuming that the
particle has no static dipole moment, to first order, the induced one
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Figure 4.2: Scattering and gradient forces in the Rayleigh regime.

is proportional to the electric field at the position of the particle
r = r0

p = α(ω)E(r0) (4.8)

where α denotes the polarizability of the particle. Taking a time
average, eq 4.5 becomes:

< F(r) >=
1

2
Re [p∗ · ∇E − iωp∗ ×B] (4.9)

or, replacing the dipole moment by its expression in eq. 4.8 and
splitting the polarizability into its real and imaginary parts, after
some rearrangement:

< F(r) >= {Re[α]

2
∇E2 +

ωIm[α]

c2ε0εr
S (4.10)

where ε0 is the permittivity of vacuum, and εr the dimensionless
relative permittivity of the surrounding medium.
Therefore, as already recognized by Ashkin in 1970 [174], the me-
chanical force can be split into two terms, which are illustrated in
fig. 4.2: the first is denoted as gradient force and the second one
as scattering force. For an ideal lossless particle there is no mo-
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mentum transfer from the radiation field to the particle and the
scattering force is zero. Polarizable particles are accelerated by the
gradient force towards extrema of the radiation field. Therefore, a
tightly focused laser beam can trap a particle in all dimensions at
its focus. However, the scattering force pushes real particles in the
propagation direction and, if the focus of the trapping laser is not
tight enough, the particles may be pushed out of the focus.

4.1.2 Ray optics regime for a bead

When the dimension of the object with which the light waves in-
teract is much larger than its wavelength λ, the geometrical optics
description applies. In geometrical optics a light wave is represented
as a ray directed along the propagation direction, and its intensity
is determined by the number of photons passing through a given
area per unit time. The magnitude of the momentum of a single
photon is given by ||p|| = h/λ, and the momentum flux of a light
beam of intensity given by the Poynting vector S is:

d

(
dP

dt

)
=

nm

c
SdS (4.11)

where nm is the index of refraction of the medium surrounding the
object, c is the speed of light in vacuum and dS is an element of
area normal to S. Therefore, in principle it is possible to directly
calculate the force on a given area due to the light momentum flux
through it. Since the force on a dielectric object, the total force on
it is due to the difference between the momentum flux entering the
object and the one leaving it:

F =
nm

c

∫
S

(Sin − Sout)dS (4.12)

In optical manipulation experiments the object is pushed by the re-
flection of light from its surface. Radiation forces due to refraction,
instead, can be used to pull a transparent object, as it is qualita-
tively shown in fig. 4.3 [175]. Each ray is refracted at the object
surface so that the direction of propagation changes according to
Snell’s law which states that
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Figure 4.3: Forces in the geometrical optics regime. Qualitative view of
the trapping of different spheres. The refraction of a typical pair of rays
a and b of the trapping beam gives forces Fa and Fb whose vector sum F
is always restoring for axial and transverse displacements of the sphere
from the trap focus f [175].

nmsin (θ1) = npsin (θ2) (4.13)

where nm is the index of refraction of the medium surrounding the
particle and np is the index of refraction of the bead. Here θ1 is the
angle of incidence of the ray with respect to a line perpendicular
to the surface of the particle and θ2 is the angle with respect to
the same line at which the ray propagates within it. Figure 4.4.a
illustrates the multiple reflections and refractions that a light ray
undergoes when it impinges on a spherical object [175]. Snell’s law
indicates that the change in the light direction at the interface of
the bead with its surroundings depends strongly on the index of
refraction of each medium. The change in direction of the light
due to refraction is all contained within the integral in eq. 4.12.
Since the bead changes the momentum of the light, an equal and
opposite change in its momentum occurs. The resultant force of
the light on the bead due to refraction, also called gradient force,
is always in the direction of the focus of the light. Therefore, in
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Figure 4.4: Scattering of a ray on a sphere. Scattering of a single inci-
dent ray of power P by a dielectric sphere, showing the reflected ray PR
and infinite set of refracted rays PT 2Rn [175].

absence of other forces, the sphere is attracted to the focal point
of the light. In order to trap, the attractive force due to refrac-
tion of the light at the surface of the particle must be sufficient to
overcome any other forces acting to push the bead out of the trap,
such as the force due to reflection at its surface (scattering force).
The values of these forces, as a function of the incidence angle, are
shown in fig. 4.4.b. Following the approach of Ashkin [153], it is
possible to derive various results in the geometrical optics regime.
In particular we can see which are the theoretical limits to the trap-
ping forces. The force that can be extracted from a beam of power
F = (nmP/c) · Q, where Q is a dimensionless factor depending on
the geometry. When the optical beam is perfectly reflected in the
incident direction the maximum Q = 2 is achieved; therefore, the
maximum force that can be exerted in water by a 1 mW beam is
FMAX = 8.9 pN.

4.1.3 Nanowire hydrodynamics and correlation
function analysis

For rigid rod-like structures (such as our SiNWs dispersed in wa-
ter) of length L and diameter d, the viscous drag is characterized by
anisotropic hydrodynamic damping (see fig. 4.5.a) [176]. Because
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Figure 4.5: (a) Different viscous damping forces for a cylinder. (b)
Scaling with nanowire length L of the damping coefficients γ⊥, || and
calculated for our experimental conditions with (solid lines) and without
(dashed lines) end-effect corrections i.

of symmetry, the translational and rotational viscous damping co-
efficients are [177, 178, 159]:

γ⊥ =
4πηL

ln(p) + δ⊥
, γ|| =

2πηL

ln(p) + δ||
, γθ =

πηL3

3
[
ln(p) + δ||

] (4.14)

where ⊥ and || are the translational damping coefficients, trans-
verse and parallel to the main axis respectively, is the rotational
mobility about the center-of-mass, L is the length of the nanostruc-
ture, p = L/d is the length-to-diameter ratio, is the water dynam-
ical viscosity, and i are end corrections (calculated by Broersma in
ref. as polynomial of ln(2p−1) ). The behavior of these coefficients
vs the length of the NW is shown in fig. 4.5.b. Si NWs align with
the propagation axis and positional and angular displacements oc-
cur in the small angle limit, θ � 1. Thus the tracking signals are
the combination of positional and angular variables [159, 179, 180]:
Sx ∝ X + a x , Sy ∝ Y + b y , Sz ∝ Z . Where X, Y, and Z are
the center-of-mass coordinates, a, b, c calibration constants, and
Θx = θsinφ and Θy = θcosφ are the correlated angular projections
on the x and y axis, respectively. All these coordinates are treated
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as stochastic variables. Now we consider the transverse signals au-
tocorrelation (ACF) and crosscorrelation (CCF) functions [159]:

Cxx(τ) =< Sx(t)Sx(t+τ) >=< X(t)X(t+τ) > +a2 < Θx(t)Θx(t+τ) >
(4.15)

Cyy(τ) =< Sy(t)Sy(t+τ) >=< Y (t)Y (t+τ) > +b2 < Θy(t)Θy(t+τ) >
(4.16)

Cxy(τ) = ab < Θx(t)Θy(t+ τ) > (4.17)

Thus ACFs contain combined information on translational and ro-
tational variables and decay as double exponentials [159, 179, 180].
Instead CCF separates the angular variables only [159] and decays
as a single exponential with different relaxation frequencies for pos-
itive or negative lag times related to �i (i = x, y). In our experi-
ments we get the measured values of angular relaxation frequencies
from both ACFs and CCF. Figure 4.6 shows an exemplar compari-
son between values of �x extracted from ACF (red) and CCF (blue)
for data obtained on individual trapped Si NWs. The agreement
between the two procedures is well within the error bars, hence
only the data obtained from ACFs will be shown. To calculate the
radiation force [156] and torque [166] on trapped Si NWs we use
the full scattering theory in the framework of the transition matrix
(T-matrix) approach [181]. This approach is quite general as it ap-
plies to particles of any size, symmetry and refractive index for any
choice of the wavelength.[181] Our starting point is the calculation
of the field configuration in the focal region of a high numerical
aperture (NA) objective lens in absence of any particle, using the
procedure originally formulated by Richards and Wolf [182]. The
resulting field is considered as the field incident on the particles,
and the radiation force and torque exerted on any particle within
the region is calculated by resorting to momentum conservation for
the combined system of field and particles. As a result the optical
force and torque exerted on a particle are given by the integrals
[166, 156]:
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Figure 4.6: Comparison between angular relaxation frequencies obtained
from ACF and CCF analysis. The consistency is good within the error
bars that represent the standard deviation obtained from several measure-
ments in each Si NW sample.

Frad = r2
∫
Ω

r̂· < TM > dΩ (4.18)

Mrad = −r3
∫
Ω

r̂· < TM > ×r̂dΩ (4.19)

where the integration is over the full solid angle, r is the radius of a
large (possibly infinite) sphere surrounding the particle centre, and
< TM > is the time averaged Maxwell stress tensor in the form of
Minkowski [183]:

< TM >=
1

8π
Re

[
n2E⊗ E∗ +B⊗B∗ − 1

2
(n2|E|2 + |B|2)I

]
(4.20)

where ⊗ denotes dyadic product, I is the unit dyadic and n is the re-
fractive index of the surrounding medium. Expanding the incident
field in a series of vector spherical harmonics with (known) ampli-
tudes W p

I lm, the scattered field can be expanded on the same basis
with amplitudes Ap′

l′m′ . The relation between the two amplitudes
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Figure 4.7: (a) Extinction efficiency Qext for a Si NW modeled as a
linear chain of spheres with D = 30 nm. (b-d) Optical trapping efficiency
Qx, Qy, and Qz for three different Si NWs modeled with an increasing
number of spheres: 20 spheres, L = 0.6 m (blue line); 80 spheres, L=2.4
m (green line); 110 spheres, L=3.3 m (red line). For the transverse

optical forces (b,c) the equilibrium position of the Si NW in the trap is
always found at the center of the laser spot. Instead in the axial direction
(d) the equilibrium position is shifted from the nominal unaberrated focal
point (set to zero) because of radiation pressure and aberration.

is given by Ap′
l′m′ =

∑
plm

Sp′p
l′m′lmW

p
I lm, where Sp′p

l′m′lm is the T-matrix

of the particle. In this framework, several kinds of non-spherical
particles can be modeled as aggregates of spherical scatterers with
size below the radiation wavelength. Each element of the T-matrix
is independent both on the direction of propagation and on the po-
larization of the incident field [181]. Thus they do not change when
the incident field is a superposition of plane waves with different
direction of propagation, i.e., for the description of a focused laser
beam in the angular spectrum representation [184]. In our calcula-
tions, the Si NWs are modeled as chains of spheres, with diameter
(D = 30 nm) much smaller than the wavelength. The chain length,
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L, corresponds to the Si NW one. Note that the size (30 nm) and
number of subunits composing the model linear chains are limited
by the memory demand of the computing facilities. In fact, the
calculation of the transition matrix for a N-sphere linear chain, re-
quires the inversion of a matrix of order 2N× lT (lT +2), where lT is
the l -value at which the multipole expansion of the electromagnetic
fields is truncated [181]. To ensure the numerical stability of the re-
sults, that depends on the size of both the subunits and the length
of the linear chain, we check each linear cluster configuration for
the existence of an l -value lM for which, if lT > lM , the calculated
values (extinction cross-section, optical force and torque constants)
do not change. For the longest linear chain of 4.5 �m we have 150
subunits and we truncate the multipole expansion at lM = 5. The
transition matrix then contains (10500×10500) complex elements.
The calculation of optical forces and torques was performed on a
HP/Itanum 2 cluster, requiring about 7 h of CPU time for every
configuration. In fig. 4.7.a we show the scaling with length of the
extinction efficiency for a linear clusters of N spheres with a random
orientation in space, defined as [181]:

Qext =
< Cext >

CT

(4.21)

where < Cext >is the averaged extinction cross section of the lin-
ear chain, and CT = Nπr2 is the total geometrical cross section.
We calculate for each model Si NW the radiation force Frad(R)
and torque Mrad(R), the argument R denoting the position of the
center of mass of the linear cluster of spheres. The trapping oc-
curs on the optical axis where all the components of force and
torque vanish with a negative derivative. In the vicinity of the
trapping point R0 = (0, 0, z0) the components of Frad(R) can be
approximated by Fradx(x, 0, z0) = −kxx, Frady(0, y, z0) = −kyy,
Fradz(0, 0, z) = −kz(z − z0). Where kx, ky, and kz are the force
constants. Thus we first determine the trapping position and equi-
librium orientation of the Si NW, and then calculate the force con-
stants around this equilibrium state. The results of typical calcu-
lations of the optical force efficiencies, Qξ = Rradξ

c
nP

, ξ = x, y, z
exerted on exemplar trapped Si NWs with L =0.6, 2.4, 3.3 �m and
D = 0.03 �m are displayed in fig. 4.7.b,c,d. For the transverse
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optical forces the equilibrium position of the SiNW in the trap is
always found at the center of the laser spot. Instead in the axial
direction the equilibrium position is shifted from the nominal un-
aberrated focal point (set to z = 0) because of radiation pressure
and aberration.

4.2 Experimental setup

Si NWs were prepared by the wet-etching technique discussed in de-
tails in chapter 2. For this experiment we prepared five samples in
which the Si NWs length, L, is respectively 1.00±0.05, 2.08±0.04,
3.1±0.1, 4.0±0.2, and 5.0±0.5 �m, measured from scanning elec-
tron microscopy (field-emission SEM Zeiss Supra 25) analysis of
the as-grown samples. Typical cross-section SEM images of differ-
ent length of Si NWs obtained by varying the etching time have
been shown in fig. 2.6 of chap. 2 (pag. 67). The images display
a dense and uniform distribution of NWs with very small diam-
eters. A mean diameter of 7 ± 2 nm is obtained from Raman
spectroscopy analysis. For optical trapping experiments, Si NWs
are mechanically scratched from the substrate and then stably dis-
persed by sonication in water solution added with sodium dodecyl
sulfate (SDS) (see fig. 4.8.a), as shown in fig. 4.8.b. Although
Si NWs can be dispersed in water without the aid of surfactants,
we found that using SDS improves the temporal stability of the
dispersion toward aggregation and minimize the sticking to glass
surfaces. A few tens of microliters are then placed in a sample
chamber attached to a piezo-stage with 1 nm resolution. Optical
trapping is achieved [159, 161] by focusing a 830 nm laser beam
(from a laser diode Sanyo DL 8142-201, 150 mW nominal power)
through a 100 oil immersion objective (NA = 1.3) on an inverted
microscope (see fig. 4.8.c and 4.8.d for a sketch of the setup and
the geometry). The laser power available at the sample is about 20
mW and was kept constant during the optical force measurements.
Optically trapped Si NWs are imaged with a CCD camera (see fig.
4.9). Figure 4.9 shows a optical microscopy image of a 3 μm long
Si NW optically trapped in the focal region of the NIR laser (in
red), where a slow precession motion of the NW is visible. Then,
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Figure 4.8: Sketch of the optical tweezers setup: a NIR laser beam (830
nm) is focused by a 1.3 NA oil immersion microscope objective. Si NWs
are trapped in a water dispersion placed in a sample chamber. The scat-
tered light from the trapped particle is detected by a QPD through a col-
lection optics yielding electrical signals Sx, Sy, and Sz proportional to the
particle translational and angular displacements. (inset) Description of
the geometry in the trap with relevant coordinates and angles for the char-
acterization of forces and hydrodynamic mobilities of trapped nanowires.
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Figure 4.9: (red) Optical microscopy image of a 3 μm long SiNW op-
tically trapped in the focal region of the NIR laser. A slow precession
motion of the NW is visible. (orange) Gradually switching the laser off
the NW starts to misalign from the the trap axis. (blue) As the laser is
switched off, the free brownian motion of the NW starts again, and its
center of mass moves far from the optical trap.Note that these diffraction-
limited CCD images result from the interference between scattered and
unscattered illumination light from the nanowire yielding a change from
brighter to darker region when propagating along the nanowire length.

gradually switching the laser off (in orange) the NW starts to mis-
align from the the trap axis. Finally, as the laser is switched off,
the free brownian motion of the NW starts again, and its center of
mass moves far from the optical trap (in blue). This enables inspec-
tion of the individual trapped Si NW length that is always checked
to be consistent with SEM measurements for each sample. Force
measurements are performed always at a distance of about 15 m
from the coverslip inside the sample chamber in order to minimize
the effect of the glass surface. Positional and angular displacements
of the trapped SiNWs are measured by back focal plane (BFP) in-
terferometry [185], where the interference pattern between forward
scattered and unscattered light in the microscope condenser BFP is
imaged onto a four quadrant photodiode, QPD (see a sketch in fig.
4.10). This is oriented with the polarization (x-y) axis of the laser
beam in order to have sensitivity over polarization effects [167, 156].
The QPD outputs from each quadrant are then combined as pair-
wise sums (Sx, Sy) and four-quadrant sum (Sz). These tracking sig-
nals are thus acquired at 50 kHz sampling rate for 2 s (105 points).
While for a spherical particle the QPD traces are proportional to
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Figure 4.10: A sketch of the four quadrant photodiode (QPD)

Figure 4.11: (a) Calibrated tracking signals along the propagation (z-
)axis and (b) relative frequency counts of the signals for individual trapped
Si NWs of lengths L = 1 (black), 2 (red), 3 (blue), 4 (green), and 5 m
(magenta).

its center-of-mass displacements, for trapped Si NWs they also con-
tain information on angular displacements [179, 159, 161, 186]. In
particular since radiation pressure aligns the Si NWs with the light
propagation [166, 186, 187, 188] (z-)axis (see fig. 4.9, laser switched
on), positional and angular displacements occur in the small polar
angle limit (see geometry in fig. 4.8.d ), �1, and the tracking sig-
nals are [159] Sx ∝X+a x, Sy ∝Y +b y, Sz ∝ Z. X, Y, and Z are
the center-of mass coordinates, a, b, and c are calibration constants,
and x = sinφ and y = cosφ are the angular projections on
the x- and y-axis, respectively (shown in fig. 4.8.d).

4.3 Tracking of trapped Si NWs

Figures 4.11.a and 4.11.b show typical (calibrated) tracking sig-
nals (Sz) and frequency counts for each recorded trace obtained
by trapping individual Si NWs with different length in each sam-
ple. The analysis of these signals resulting from Brownian motion
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in the trap is the key to get optical forces and torques in optical
trapping experiments.[155, 185] In general, a colloidal particle in a
fluid is subject to thermal fluctuations [189]. In the free-diffusive
regime (mean-square displacement is linear with time) the motion
is independent of inertia terms (mass, moment of inertia) and it is
described by a Langevin equation [189] for each relevant dynamic
variable (positional or angular). When a colloidal particle is con-
fined by an external potential, for example, an optical trap, the fluid
damps its motion as in the free-diffusive regime, but now the parti-
cle explores only a limited region in space [185]. Anisotropy largely
affects the Brownian dynamics in the trap [167, 159, 161, 186].
Thus, in addition to translational coordinates X, Y, and Z, ro-
tational variables, �x and �y, have to be considered for a cor-
rect calibration of optical forces and torques on Si NWs. Here we
consider the Si NWs as a rigid rodlike structure with no bending
motion activated. This is reasonable since even for such thin Si
NWs the Young’s modulus has been recently measured [190] to be
about 100 GPa and the corresponding persistence length [191] for
the thermal activation of bending is about 25 cm, that is much
larger than the length of Si NWs explored in this work. Thus for
rigid rodlike particles anisotropy yields different viscous damping,
�|| = (2��L)/(lnp + �||)), �⊥ = (4��L)/(lnp + �⊥), for translations
parallel and perpendicular to the SiNW main axis respectively, and
�
�
= (��L3)/[3(lnp+ ��)], for rotations, that are dependent on the

Si NW length-to-diameter ratio, p = L/d, water dynamic viscos-
ity, �, and end corrections �i (calculated [159, 177] as polynomial
of ((ln2p)−1). The Brownian dynamics of a trapped SiNW is then
well described by a set of uncoupled Langevin equations [159, 161]

d

dt
Xi(t) = −ωiXi(t) + ξi(t), i = x, y, z (4.22)

d

dt
Θj(t) = −ΩjΘj(t) + ξj(t) j = x, y (4.23)

where �i = ki/�i and �j = k�j/�� are relaxation frequencies, re-
lated to the force and torque constants and viscous damping com-
ponents, while �i(t) are random noise sources. From eqs. 4.22 and
4.23, the autocorrelation functions (ACF) of the transverse tracking
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Figure 4.12: (a) Exemplar transverse (top) and axial (bottom) auto-
correlation functions (ACF) for two individual Si NWs of length L = 1
m (black) and L = 3 m (blue). The transverse ACF reveal both the

translational and angular fluctuations of the Si NWs in the trap and are
well fitted by a double exponential decay yielding the transverse force and
torque constants. This is particularly evident at shorter lengths (see also
). In contrast, axial ACF are well fitted with a single exponential de-
cay with rate z that yields the axial (z-)force constant. (b) Relaxation
rates z measured for different samples of SiNWs. For each length, we
trapped about 20 different particles in each sample. Two sets of data
points are distinguished corresponding to individual Si NWs and bundles
of two Si NWs in the trap. The error bars on the length are extracted
from the SEM images of the original samples, while the ones on the rates
represents the standard deviation from the mean.

signals Cii( ) =< Si(t)Si(t + ) > now contain combined informa-
tion [186, 192] on center-of-mass and rotational fluctuations, and
decay with lag time as a double exponential with positional and
rotational relaxation frequencies i, i (i = x, y). The ACF of the
axial tracking signal, that is, the motion parallel to the propagation
(z-)axis, is instead unaffected by the rotational motion and decays
as a single exponential with relaxation frequency [159] z. Figure
4.12.a shows ACF analysis for exemplary signals related to trapped
SiNWs of 1 m (black lines) and 3 m (blue lines) length. The
double exponential decay is clearly visible for the transverse sig-
nals, while it is absent for the axial ones as expected for a strongly
aligned linear nanostructure (small angle approximation). For each
sample, we trapped [160] different Si NWs, we then analyzed the
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Figure 4.13: Reconstruction of Brownian fluctuations of the trapped
SiNWs for exemplar data sets from each sample. Each plot shows 104

points from the tracking signals in x, y, and z.

corresponding ACF and obtained the relaxation frequencies, force,
and torque constants. As an example, in fig. 4.12.b we show the
measured axial relaxation frequencies �z measured for Si NWs of
different length. Two sets of data points are distinguished corre-
sponding to individual Si NWs and bundles of two Si NWs in the
trap. The error bars on the length are extracted from the SEM im-
ages of the original samples, while the uncertainty on the relaxation
rates represents the standard deviation from the mean. The func-
tional behavior of relaxation frequencies with SiNWs length is the
result of the interplay between optical trapping forces and hydrody-
namics. By knowing the hydrodynamic damping for each Si NW we
extrapolate the functional behavior of force and torque constants
(as discussed later). Thus from these measurements, we get the full
calibration of the optical confining potential. Figure 4.13 shows
the reconstruction of Brownian motion of exemplar individual Si
NW in the trap by sampling the calibrated tracking signals in x, y,
and z. From each plot the transverse (fig. 4.14.a), axial (4.14.b),
and angular (4.14.c) root mean square displacement (RMSD) are
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Figure 4.14: Transverse (a) root-mean-squared-displacement (RMSD)
for x- (red), y-direction (blue) and z-direction (b) as a function of length
obtained from each data set shown in fig. 4.13. The observed monotonic
RMSD decrease in (a) is consistent with the increase in trapping force.
In contrast, in (b) the axial RMS along z has a more complex behavior
accounting for the contrasting action of trapping and radiation pressure
shift yielding a weaker trap for longer Si NW and hence larger positional
fluctuations. (c) Angular RMSD as a function of length for fluctuations
in the xz- (red) and yz-plane (blue). A larger length for the trapped
Si NW results in a stronger optical torque and hence smaller angular
fluctuations.

obtained from the ACF zero point value, related to mean-squared-
displacements < X2

i >= kBT/�i�i and < �2
j >= kBT/���j. The

observed RMSD decrease in 4.14.a is consistent with an increase in
trapping force. In contrast in 4.14.b the axial RMSD has a more
complex behavior accounting for the contrasting action of increased
trapping and larger radiation pressure shift yielding a weaker trap
for longer Si NW and hence larger positional fluctuations. In 4.14.c
angular RMSD decreases at larger lengths as a consequence of a
stronger optical torque. Optical trapping forces generate from the
conservation of momentum in the scattering process of light by a
particle [166, 156, 186, 187, 188]. In a light scattering process by
a thin Si NW we have two size scaling parameters defined by its
transverse size and length as xd = �nd/� � 1 (xd ≈ 0.05, constant
for each Si NW sample) and xL = �nL/� > 1 (varies in the range
5-25 for our SiNW samples), where n is the refractive index of the
surrounding medium. The latter size parameter, xL, regulates the
interaction between Si NWs and radiation fields in the far-field. We
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then plot in fig. 4.15 the measured optical force and torque con-
stants and trap parameters as a function of the size parameter xL.
In particular, in fig. 4.15.a-d we show the scaling of the measured
force and torque constants for individual Si NWs (solid symbols)
and bundles of 2 Si NWs (open symbols). Force constants, kx (fig.
4.15.a) and ky (fig. 4.15.b), measured in the transverse plane are
in the range 30-100 pN/�m for the longest Si NWs and are more
than 1 order of magnitude larger than the ones measured along
the propagation (z-)axis, kz (fig. 4.15.c). Transverse optical forces
show a flattening for longer Si NWs. This is expected [188] when
the length is much larger than the Rayleigh range of the focal spot,
since the interaction region is approximately the same for all Si NWs
and the trapping force should not change dramatically with length.
However, the scattering force increases for longer Si NWs pushing
and shifting the trapped particles along the propagation axis in re-
gions of the beam where light intensity and the axial trapping are
weaker. This justifies the more complex behavior of kz shown in
fig. 4.15.c: the axial trapping force increases with size parameter
xL up to a maximum and then decreases for longer Si NWs. In
contrast, measured torque constants (fig. 4.15.d) k�x and k�y show
a monotonic increase with size parameter, that is, the longer the
Si NWs length the stronger the optical torque on the nanowire. A
linear polarized tightly focused laser beam has an anisotropic in-
tensity profile in the focal plane as well as an intrinsic nonunitary
aspect ratio of the spot because of light propagation [166, 156].
This yields asymmetries in the confining potential transverse plane
and aspect ratio when trapping submicrometer or nonspherical par-
ticles [166, 167, 157, 158, 159, 160, 161]. This is quantified by two
parameters: the trap polarization anisotropy, kP = 1− kx/ky, and
trap aspect ratio, (kx+ky)/2kz, that summarize the effects on opti-
cal forces from light polarization, propagation, and particle shape.
Figures 4.15.e and 4.15.f show the scaling behavior of the polar-
ization anisotropy and trap aspect ratio with the Si NW size pa-
rameter. In particular the polarization anisotropy, related to the
nanometric transverse size [166, 159] of the Si NWs, appears to be
constant, kP ≈ 0.25, over the range of length explored. Instead
the trap aspect ratio shows a more complex scaling behavior that
is related to the large anisotropy of the Si NWs combined with the
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Figure 4.15: Scaling of the measured force and torque constants and
trap parameters as a function of the size parameter xL = n�L/� for
individual Si NWs (solid symbols) and bundles (open symbols). Force
constants, kx (a) and ky (b), measured in the transverse plane are more
than ten times larger than the ones measured along the propagation (z-
)axis, kz (c). (d) Torque constants k�x (red symbols) and k�y (blue
symbols). (e) Polarization anisotropy, kP = 1− (kx/ky), and (f) aspect
ratio, (kx + ky)/2kz, of the optical trap. The lines are the calculated
values of optical force and torque constants and trap parameters for linear
particles modeled as chains of small spheres trapped in an ideal diffraction
limited laser spot with no aberration (dotted lines) and in a radiation field
aberrated (solid lines) by the glasswater interface of the sample chamber.
The theoretical lines have been scaled by only one free parameter in the
plots (a-d), while no adjustment was made for the plots (e,f).
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shift of the trapping position by the scattering force. We now com-
pare our experimental findings with optical trapping calculations
based on electromagnetic scattering theory in the T-matrix formal-
ism [166, 156]. The Si NWs are modeled as linear chains of length
L composed of identical spheres of diameter D � � < L with the
refractive index of bulk silicon, nSi = 3.7 at 830 nm. Since the light
scattering properties in the far-field are regulated by L, we expect
our model to be able to account for a general scaling behavior of
optical forces and torques despite the other structural differences
at the nanoscale. In fig. 4.15, the lines are the calculated values of
optical force and torque constants and trap parameters for model
chains of small (D = 30 nm) spheres trapped in an ideal diffraction
limited laser spot with no aberration (dotted lines) and in a radia-
tion field that include the aberration (solid line) by the glasswater
interface [156] of the sample chamber that blurs the laser spot at
the distance where experiments are performed (about 15 �m). The
theoretical lines have been scaled by only one free parameter in the
plots (a-d) that accounts for the structural differences between the
model linear chains [166] and the cylindrically shaped nanowires
[188] used in the experiments, while no adjustment was made for
the plots of fig. 4.15.e,f), whose parameters are obtained through
ratios of measured force constants. The theoretical predictions for
transverse force (fig. 4.15.a,b) and torque (fig. 4.15.d) constants in
the ideal non aberrated case (dotted lines) show a sharp crossover
at size parameter xL ≈ 5 from a monotonic increase with length to
constant values. However, when aberration is taken into account
(solid lines) the theoretical curves agree much better with measured
values despite the simplified linear chain model structure used in the
calculations. Similarly for the polarization anisotropy (fig. 4.15.e)
and trap aspect ratio (fig. 4.15.f) including aberration effects in the
calculations gives a better quantitative agreement with experimen-
tal findings with no free parameter. This shows how the Si NWs
anisotropy plays a special role in defining the optical trapping po-
tential yielding highly elongated traps with aspect ratios that range
from 10 to 100.
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Conclusions

In conclusion, Si NWs with transverse size of 7± 2 nm and con-
trolled length in the micrometer range have been optically trapped.
Such large aspect ratio ensures stable optical trapping of individual
Si NWs over thermal fluctuations with transverse optical force con-
stants of the order of 50 and 1-2 pN/�m for the axial ones, as well
as granting spatial resolution of the order of tens of nanometers
in photonic force microscopy applications. We have shown how
length regulates optical forces, optical torques, and their Brown-
ian dynamics in the trap. Correlation function analysis has been
used to obtain the force and torque constants, root-mean-square
translational and angular displacements, as well as relevant trap
parameters. We compared them with calculations on model linear
nanoparticles based on electromagnetic scattering theory showing
that aberration plays a key role in experiments. Optical trapping of
Si NWs with transverse size of a few nanometers opens perspectives
for their use as nanoprobes with increased spatial and force resolu-
tion in photonic force microscopy applications [157, 168, 169, 185],
as well as in protocols for laser cooling their center-of-mass and an-
gular motion at the quantum regime in optical traps or cavities in
vacuum.
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