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1. Introduction

The aim of this chapter is to expound on the theoretical analysis and experimental
assessment of NanoParticles (NPs) for imaging, early detection and therapeutic applications.
NPs are extremely small particulates with dimensions ranging from few micrometers down
to few tens of nanometers. Their characteristics, including size, shape, physical and chemical
properties, can be tailored during the fabrication/synthesis process and, on account of these,
they would feature certain aspects that may be exploited for applications ranging from drug
delivery to the enhancement of the local electric field, and thus the detection of few
molecules. In particular, intravascularly injectable NPs (that are sometimes called
nanovectors or nanocarriers) are probably the major class of nanotechnological devices of
interest for use in cancer or, in general, for the treatment of diseases. On the other hand,
aggregates of metallic NPs, either of silver or gold, represent extremely efficient SERS
(Surface Enhanced Raman Scattering) substrates. In the following, after a brief description of
NPs as a whole, a number of different applications will be discussed.

2. Nanoporous silicon nanoparticles: A drug delivery system

Intravascularly injectable NPs can be conveniently designed or engineered to release drug
molecules or imaging tracers with a superior performance with respect to freely
administrated agents (Ferrari, 2005; Whitesides, 2003; La Van et al., 2003); to this extent, they
represent smart Drug Delivery Systems (DDS).
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Fig. 1. Cartoon representing a nanoparticle featuring different coverings and payloads.

In other terms, on account on their geometrical, physical and chemical properties (Fig.1), the
therapeutic or contrast agents would be targeted directly towards the site of interest
(malignant cells) with a significant reduction of side effects, and a concurrent increase in the
efficiency of delivery.

Liposomes are the simplest form of NPs (and, accordingly, they are sometimes referred to as
first generation nanovectors) (Klibanov et al., 1991; Park, 2002; Crommelin & Schreier, 1994).
Established for the treatment of Kaposi's sarcoma more than 10 years ago, nowadays certain
liposomes based NPs are still being used for cancer treatment. Literature records a massive
number of second generation NPs, (which, differently from liposomes, can be artificially
produced using nanofabrication techniques), including polymer-based nanovectors, silicon
and silica NPs and metal-based nanovectors like nanoshells (Kircher et al., 2003;
Schellenberger et al., 2002; Zhang & Shang, 2004; Cohen et al., 2003; Hirsch et al., 2003;
Langer, 1998; Duncan, 2003; Gilles & Frechet, 2002).

Despite this, and notwithstanding the merits that such an abundance of devices provides in
terms of novel technological foundations and opportunities, only a small amount of these
nanovectors would be really effective in delivering drugs or contrast agents (Ferrari, 2005).

A number of third generation NPs is currently under development which feature advanced
properties and thus more efficacious delivery modalities, including nanoporous NPs
with/without reduced silver for SERS analysis, mesoporous silicon particles as a multistage
delivery systems, nanoporous NPs enhancing, via geometrical confinement of gadolinium-
based contrast agents, T1 contrast (Tasciotti et al., 2008; Jeyarama et al., 2010).

In general, an ideal nanoparticle should be able (i) to navigate into the circulatory system
avoiding the immune system and recognizing the diseased cells (biological target) with
high selectivity; (ii) to adhere firmly to them and (iii) to allow for endocytosis process.
Targeting methods have been largely investigated and range from specific (covalently
linked ligands decorate nanovectors and may recognize antibodies over-expressed on the
cells of interest) to non specific (that are, mechanisms based on the size, shape and
physical properties of the nanovector including density, porosity, surface charge)
(Decuzzi, 2006a, 2006b, 2007).
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Regardless the particular mechanisms of transport and adhesion that NPs can experience, it
is clear that a thorough understanding of the physics behind these phenomena plays a
fundamental role. Realistically, mathematical models provide an unprecedented tool for
predicting the behaviour of NPs within the macro/microcirculation, thus also supplying a
rationale for the best design of NPs (Gentile, 2007, 2008). In DDS the choice of bulk material
constituent the nanocarrier is a key point since it must fulfill a tailored biological behavior
(bioactivity, biocompatibility, biodegradability), it must improve payload capacity and be
harmlessly eliminated from the body in a reasonable period of time after releasing the cargo
and having carried out possible diagnostic function (Park et al., 2009). While many proposed
nanocarriers do not meet these requirements, porous silicon (PSi), considered as silicon
crystal having a series of voids, is a promising materials for its biocompatibility and
biodegradability (Granitzer & Rumpf, 2010; Canham, 1997; O Farrel et al., 2006) which
results in decomposition products not harmful for biological system. Porous silicon
dissolves in body fluids into orthosilicic acid, commonly found in everyday foods and
efficiently excreted from the body through the urine (Park et al., 2009). Thanks to the porous
structures, silicon nanoporous nanoparticles show a great surface/volume ratio (200-800
m2/cm?) (Halimaoui, 1995), a very attractive characteristic since surface can be used to load
drugs by physisoprtion process and modified with molecules that promote cell adhesion.
Pore width, porosity and nanoparticles size can be tuned by adjustment of the parameters
during the fabrication process. When the pore size is in the range of 2-5 nm, physisorbed
drugs are efficiently entrapped and, due to the effect of the quantum confinement of the
silicon structure (Godefroo et al., 2008), particles show emission at 620 nm (red-orange) at
room temperature under UV illumination (wavelength of 365 nm), a very attractive feature
for the realization of theranostic nanoparticles (Janib, 2010). Pores population can be divided
in two different types: open pores that are connected to each other and to the external
surface and closed pores isolated from the outside, that are less useful for drug delivery
purpose.

Porosity is defined as the fraction of void in the porous structure. High porosity means great
surface/volume ratio and it is preferable for drug delivery device, however, due to the
surface tension, too high porosity silicon layer can undergo to collapse during the
fabrication process and the obtained nanoparticles can disintegrate in water solution. Size
and shape are two important features of nanoparticles used in drug delivery systems.
Nanoporous silicon nanoparticles with size of 30-100 nm are suitable carriers for many
anticancer agents (Petros & DeSimone, 2010; Mitragotri & Lahan, 2009).

2.1 Fabrication and characterization of NanoPorous Silicon Particles

The most widely used method to fabricate Nanoporous Silicon Nanoparticles (NPNPs) is
a process that includes several steps, starting from the production of nanoporous silicon
film by an electrochemical etching in ethanol/HF solution of Si wafer, in which silicon
acts as an anode and a platinum electrode acts as a cathode. Since Si wafer surface is
hydrophobic, ethanol increases the wettability of the substrate allowing the electrolyte
penetrating into the pores and also helps in removing the H> bubble from the sample
surface formed during the anodization process (Canham, 1997). A constant current
density is applied to allow the formation of homogeneous porous layer. Samples are
rinsed in de-ionized water, then in ethanol and pentane, and sonicated in water for a time
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required to remove all the nanoporous silicon film from the crystalline silicon substrate.
The film is then fractured by ultrasonication and filtered through filtration membrane and
centrifuged in order to select the desired particles size. It is possible to vary NPNPs
morphology (pore size and distribution, pores interconnectivity, porosity and particles
diameter) changing the fabrication parameters such as etching time, anodization current
density, HF concentration, wafer type and ultrasonication time. Tab.1 shows the effect of
some fabrication parameters on the formation of NPNPs as produced by the authors.
Freshly anodized PSi has a remarkable surface hydrophobicity (contact angle ~110°,
depending on porosity and surface roughness), a very attractive property that could be
used in biomedical field to design nanostructure that enable plasma protein harvesting
and concentration (Pujia et al., 2010). However hydrophobicity is a limitation in case of
hydrophilic drugs loading, in this case porous silicon hydrophobic behavior has to be
changed in hydrophilic one by thermal treatment just before porous silicon film
sonication. To prevent particles aggregation and dissolution fabricated NPNPs are stored
at 4°C until using.

Etching
Sample conditions Ultrasonication Particles Pore Gravimetric
p (HF 25%/ethanol time Size size Porosity
1:2 v/v)
] =10 mA/cm?2 . o
p-type for 300 sec 10 min 101+ 34 nm | <20 nm 80%
] =10 mA/cm? . o
p-type for 720 sec 10 min 75 +24nm | <10 nm 87%
] =10 mA /cm? . 0
p-type for 720 sec 20 min 30 £15nm | <10 nm 87%
] =10 mA /cm? . 0
pt+t for 720 sec 10 min 6524 nm | <5nm 65%

Table 1. Characterization of p-type silicon nanoparticles varying the fabrication parameters.

The porosity of the porous silicon layer, is determined by gravimetric measurements,
weighing the silicon substrate both before and after anodization (ml1 and m2
respectively) and again after the complete dissolution of the porous layer by 25% KOH
solution (m3). Porosity(P) is calculated by the relation P = (m1-m2)/(m1-m3). Particles
Dynamic Light Scattering (DLS), Transmission Electron Microscopy (TEM) and Scanning
TEM (STEM) analyses are commonly used to determine hydrodynamic size and pores
width of NPNPs. Porous silicon nanoparticles can be investigated using BET — BJH
theory as well. BET (Brunauer - Emmet - Teller) adsorption isotherms allow for the
calculation of surface / volume ratio (m2/cm3) and Barrett-Joyner-Halenda (BJH) method
can be used in pores width (nm) and volume (cm3/g) determination. Fig.2 shows TEM,
STEM and DLS analysis of nanoparticles as developed in the authors’ laboratory.
Nanoparticles chemical analysis, performed by X-ray energy dispersive spectroscopy
(EDS), indicates that fluoride is a common contaminant that is residual from the
electrolyte solution used during the fabrication and disappears during annealing at
300°C as shown in Fig.3.
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Fig. 2. TEM images (a, b), DLS size distribution (c) and STEM-HAADF image (d) of 75 nm
porous silicon nanoparticles
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Fig. 3. Chemical analysis with EDS of nanoporous silicon NPs before (a) and after (b)
annealing at 300°C.

In order to evaluate the cytotoxicity of NPNPs, apoptosis test has been performed by using
iodure propidium agent and cytofluorimetric analysis. Human colon carcinoma cells
(HCT116) and health monocytes (THP1) were incubated with 100 pg of two different types
of NPNPs (before and after annealing) for 48 h in RPMI 1640 medium at 37°C at 5% CO; and
cell viability detected and compared with control samples treated with medium only (Fig.4).
No significant toxic effect was observed in the two cell lines incubated with NPNPs
compared with controls. In order to evaluate the really usefulness for therapeutic
applications, drug loading can be carried out by physisorption process, incubating NPNPs
with drug in water at room temperature overnight. Loaded nanoparticles can be recovered

www.intechopen.com



298 The Delivery of Nanoparticles

from the solution by centrifugation at 12,000 rpm for 30 minutes. The amount of
incorporated drug can be quantified through UV-Visible spectroscopy analysis of
supernatant compared with drug standard curve. In the case of anti cancer Doxorubicin,
loading test performed in the authors’ laboratory, shows 5% (weight) payload for NPNPs
obtained from silicon film annealed at 260°C for 4h, while a stronger thermal treatment
(500°C for 12 h) can enhance physisorption process. Drug embedded NPNPs could be stored
in DI water at 4°C for long time while under physiological conditions dissolve in 120 hours
releasing the loaded drug (Pujia et al., 2010; De Angelis, 2010a).
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Fig. 4. Density plot of HCT116 (a, b, c) and THP1 (d, e, f) cell lines. Gate P1 shows cell
viability %. a) HCT116 cells control without NPNPs, (P1 79%). b) HCT116 cells incubated
with not annealed NPNPs (P1 78%). c) HCT116 cells incubated with annealed NPNPs (P1
68%). d) THP1 cells control without NPNPs (P1 83%). €) THP1 cells incubated with not
annealed NPNPs (P1 82%). f) THP1 cells incubated with annealed NPNPs (P1 82%).

In conclusion, porous silicon nanoparticles represent a powerful and versatile tool in
developing new drug delivery strategies, with high loading capacity, biocompatibility,
cheap and scalable fabrication process. Porous silicon-based nanocarriers properties (size,
shape and surface chemistry) can be easily tuned operating on the fabrication parameters
to achieve a tailored biological behavior and improved bioavailability of transported
drug.

3. Core-shell nanorods for light emitting applications

Inorganic semiconductor nanocrystals hold a great promise for emerging
nanotechnologies, since they feature physical and chemical properties unique to the
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nanometer length scale, which are useful for diverse applications such as microelectronic
and optical devices, as well as for sensing. These properties depend not only on the
nanoparticle's composition, but also on its size, shape, and mode of organization. For this
reason, a major effort has been dedicated in recent years to the development of synthetic
methods providing control over morphological parameters of the nanocrystals and their
assembly into organized structures. Colloidal synthesis, where judicious choice of
protective ligands is employed to morphologically control crystal growth, has proven to
be the most versatile approach for the synthesis of non-spherical nanoparticles, providing
a variety of shapes, such as rods, prisms, cubes, disks, and others. In this section we will
focus on rod-shaped nanocrystals, whose shape anisotropy is translated into polarized
physical properties (Hu et al.,, 2001), and which can be harnessed for the creation of
polarized light emitting materials (Kazes et al., 2002, 2004; Rizzo et al., 2009). For an
extensive review on the physical properties of rod-shaped nanocrystals we refer the
reader to reference (Krahne et al., 2011a). In particular, we will discuss a novel core-shell
architecture for nanorods, in which a spherical core of a smaller band gap material is
embedded in a rod-shaped shell of a high band gap semiconductor (Talapin et al., 2003;

Carbone et al., 2007) as sketched in Fig.5a.
| sHELL @

Fig. 5. (a) Transmission electron microscopy image of core shell nanorods. Scheme of the
CdSe/CdS core-shell nanorod architecture and of the related band structure.

Such a system is often referred as “dot-in-a-rod”, where the charge carriers can be excited
in the UV-blue spectral region and then quickly (on the picosecond timescale) relax into
the more long living core states from which the light emission occurs (Lupo et al., 2008).
The core-shell nanorods have numerous advantages concerning their optical emission
properties: (i) the stronger confinement in the core leads well defined energy levels for the
optical transitions. (ii) The shell passivates the surface states of the emitting low band gap
material. (iii) Due to their rod shape they have an enhanced absorption cross section with
respect to spherical particles. In the specific case of CdSe/CdS core shell nanorods the
lower energy levels of the holes are localized in the core, whereas the electrons are mostly
delocalized over the rod volume, as illustrated in Fig.5. This particular electronic level
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structure proved to reduce non-radiative Auger recombination significantly (Zavelani-
Rossi, 2010a) and therefore provides great advantages for lasing devices. Furthermore, the
energy of the emitting light is determined by the quantum confinement in the core, which
allows to tune their emission wavelength independently of the rod length, at least to a
certain extent (Krahne, 2011b), as can be seen in Fig.6, which shows emission spectra of
core shell nanorods with different core diameter and rod length.

T = l V.

absorption (a.u.)
emission (a.u)

450 500 550 600 650

wavelength (nm)

Fig. 6. Absorption and emission spectra of core-shell CdSe/CdS nanorods with different
core sizes and different lengths. The core diameter and the rod length are specified by the
numbers in brackets in units of nm. The emission wavelength is dominated by the core size.
Taken with permission from (Krhane et al., 2011a).

Light emission from the nanorods can be obtained either by optical or via electrical
pumping. In the latter case the charge carriers are injected via external electrodes that are
in contact with the nanorods. Metal electrodes have the disadvantage that a Schottky
barrier is formed at the interface with semiconductor material which significantly hinders
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the charge injection. Furthermore, the nanorod luminescence gets quenched by a direct
contact of the nanorods with a metal, for example with gold. Instead, the implementation
of a nanorod layer in a sandwich-like geometry, in between hole- and electron-injection
organic layers, has proven to be a successful approach to fabricate light emitting diodes
(LED) based on semiconductor nanorods as the active material (Rizzo et al., 2009). Fig.7
illustrates this fabrication scheme where an ITO (indium-tin-oxide) substrate is used as a
back electrode onto which a N,N=-bis(naphthalen-1-yl)-N,N=-bis(phenyl)benzidine (-
NPD) hole injection layer (HIL) doped with 2,3,56-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ) and a CBP hole transporting layer (HTL) were
thermally evaporated
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Fig. 7. (a) Current density and luminance from a LED based on an oriented layer of laterally
aligned core-shell nanorods as illustrated by the scheme in the inset.

(b) Electroluminescence spectrum. The inset shows two spectra for orthogonal

polarization directions. Taken with permission from (Rizzo et al., 2009).
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Fig. 8. Amplified spontaneous emission from a dense layers of core-shell nanorods with
different core and shell size recorded at different values of pump fluence. Taken with
permission from (Krhane et al., 2011a).

Then, a self-assembled oriented layer of laterally aligned nanords was transferred onto the
CBP via a stamping technique. After the nanorod deposition the structure was over-coated
with a 3-(4-biphenylyl)-4-phenyl-5-t-butylphenyl-1,2,4-triazole (TAZ) hole blocking layer
(HBL), the tris(8-(hydroxyl-quinoline) aluminum (Alq3) electron transporting layer (ETL),
and LiF/Al electrodes. In this type of device structure the excitation formation in the
nanorod layer can occur either via charge trapping or via Forster energy transfer process
from the organic material (Li et al, 2005; Anikeeva, 2007).

Amplified spontaneous emission (ASE) can be observed from dense aggregates of nanorods,
for example in the form of nanorod layers fabricated by drop deposition from highly
concentrated nanorod solutions onto planar surfaces. Fig.8a shows ASE from core states
recorded from relatively short nanorods with large CdSe core. For rods with a length
significantly larger than 25 nm ASE from the shell states, at 490 nm, was observed, while the
photoluminescence from the core transitions was maintained, as can be seen in Fig.8b-c.
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Lasing devices based on colloidal semiconductor nanorods have, to the best of our
knowledge, only been obtained by optical pumping so far. In order to obtain lasing, an
optical gain medium has to be positioned into a resonant cavity that provides sufficient
feedback. Core-shell nanorods have demonstrated optical gain both from the core (Zavelani-
Rossi, 2010b), and recently also from the shell emission (Krahne et al, 2011b). A
conventional approach to obtain optical feedback is to embed the optical gain medium into
an external resonator, for example a physical cavity consisting of a series of Bragg mirrors.
However, this approach is not straightforward for self assembled layers of nanocrystals as
gain medium because the roughness and thickness of this layer cannot be well controlled.
An innovative solution to this problem was demonstrated by Zavelani et al. who used the
nanorod layer itself as a resonant cavity. In this work ordered assemblies of nanorods were
obtained via the coffee stain effect, i.e. the fluid dynamics in an evaporating droplet
(Zavelani-Rossi, 2010b). Here the nanorods self assembled in large-scale ordered
superstructures that are reminiscent of nematic/smectic liquid crystal phases. In particular,
a dense and highly ordered region was obtained at the edge of the film that formed the
outer ring (see Fig.9a). Within this outer ring the rods were well aligned and on average the
long axis of the nanorods was oriented parallel to the ring edge. From such ordered regions
of nanorods polarized emission (Carbone et al, 2007) and directionally dependent
photoconductivity (Persano et al., 2010) have been observed. Fig.9b shows lasing spectra
recorded from regions of the outer ring demonstrating that the lateral facets of the ring can
function as a Fabry-Perot resonator.
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Fig. 9. Scanning electron microscopy image of a coffee stain ring that showed lasing. The red
circle illustrates a spot from which lasing spectra were recorded. (b) Emission spectra above

and below lasing threshold. The inset shows the characteristic input-output curve of a lasing
device.

Such self-assembled micro-lasers provide new possibilities for the integration of narrow
band emitters into device architectures such as lab-on-chip for point of care diagnostics,
or for optical components in local area network datacom structures. Although the
technology regarding light emitting devices based on colloidal nanorods is still in its
infancy, the results described in this section are very encouraging and this bottom -up
technology can be expected to take larger impact in the lighting industry in the near
future.
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4. Elongated nanoparticle arrays

The label-free ultrasensitive detection of biological molecules such as proteins, nucleic acids
etc. is of utmost importance in the field of clinical medicine, especially with regards to the
early diagnosis of diseases (Rosi & Mirkin, 2005). Vibrational spectroscopies (i.e. Raman
Scattering and IR absorption) allow for direct detection of biological species (Colthup et al.,
2010), but their cross-sections are extremely low in common experimental conditions. The
possibility to excite localized surface plasmon resonances (LSPRs) in metallic nanoparticles
has indicated a feasible and efficient way for enhancing the electromagnetic field on the
local scale (Bohren & Huffman, 1998; Nie & Emory, 1997).

Therefore, the combination of plasmonic nanostructures with vibrational spectroscopies can
be used to manipulate light-matter interactions, giving rise to fascinating perspective
towards the production of novel biosensor devices (Anker et al., 2008; Das et al., 2009; De
Angelis, 2008, 2010b). There is thus intensive activity oriented at the fabrication of tailored
nanostructures endowed with the desired plasmonic properties. Metal nanoparticles present
specific optical properties that depend on their size and geometry. While a symmetrical
shape allows for polarization-independent plasmonic excitation, a dichroic absorption is
expected in elongated NPs (Toma et al., 2008; Fazio et al., 2011). Beside this, the opto-
plasmonic response can be additionally tailored by acting on the nanoparticle distribution
and mutual coupling (Fischer & Martin, 2008).

Fig. 10. (a) Calculated absolute value of the electric field distribution around an isolated
nanostructure. The illuminating plane wave impinges perpendicularly on the array, and is
polarized along the long axis of the elongated nanoparticle. The metallic structure length is
410 nm, while its width and height are set to 60 nm. The excitation wavelength is =1.9 pm
(b) Field distribution in the case of coupled nanostructures (gap width: 10 nm).

In order to elucidate this peculiar behavior, we have performed 3D numerical simulations
using a commercial software based on a finite integration technique (CST, Computer
Simulation Technology, Darmstadt, Germany). Fig.10 shows the absolute value of the
electric field around the nanostructures, on a plane that is perpendicular to the direction of
the illuminating wave and cuts the nanostructure exactly at its half height. While an isolated
particle concentrates the radiation at its extremities (Fig.10a), a dimer (i.e. a couple of closely
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spaced particles) creates a “hot spot” (Fischer & Martin, 2008; Stockman et al., 1994) in
correspondence of the inter-particle nanocavity (Fig.10b).

ad PMMA and e
Al coating exposure

—
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development .l,‘l’,l, deposition
]~
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Fig. 11. (a) Schematic block diagram of the fabrication process. The last cartoon highlights
the nano-biosensor concept: fabrication of a highly sensitive and specific device based on
plasmonic signal enhancement. (b, c) Representative SEM and AFM images of two different
nanoparticle arrays fabricated by EBL technique. The NPs are 410 nm (b) and 200 nm

(c) long, while width and height are both set at 60 nm for all the structures.

Here we investigate these two specific examples, i.e. uncoupled and dimer nanoparticle
arrays, with the aim to prove that their field enhancement and localization capabilities can
be used for high-sensitivity Raman spectroscopy. A schematic diagram, summarized in
Fig.11a, elucidates the main steps involved in the fabrication process. A 120 nm thick layer
of PMMA (950K) was spin-coated on a CaF, (100) substrate. To prevent charging effects
during the electron exposure, a 10 nm thick Al layer was thermally evaporated on the
PMMA surface. Electron beam direct-writing of the nanoparticle patterns was carried out
using a high resolution Raith150-Two e-beam writer at 15 keV beam energy and 25 pA beam
current. After the Al removal in a KOH solution, the exposed resist was developed in a
conventional solution of MIBK:IPA (1:3) for 30 s. Then, a 5 nm adhesion layer of Ti and a 60
nm Au film were evaporated, using a 0.3 A/ s deposition rate in a 107 mbar vacuum
chamber (Kurt ] Lesker PVD75). Finally, the unexposed resist was removed with acetone
and rinsed out in IPA. Large scan overviews of different nanostructure arrangements are
reported in Fig. 2b,c. The sample topography has been characterized recurring to scanning
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electron microscopy (SEM) and atomic force microscopy (AFM, Veeco MultiMode with
NanoScope V controller) equipped with ultra-sharp Si probes (ACLA-SS, AppNano) and
operating in tapping mode. The resulting arrays present, as shown in Fig.11b,c, a high
degree of reproducibility with a surface RMS roughness value of around 1 nm.

The optical properties of the nanoparticle array were investigated by means of spectroscopic
transmission of polarized light in the range between 450 and 900 nm (see Fig.12a,b). For this
purpose, we used a fiber-optic spectrometer (AvaSpec-256, Avantes) while the light source
was a combined deuterium-halogen lamp (AvaLight-DHc, Avantes). The polarization of the
incident light was varied from parallel to perpendicular orientation with respect to the long
axis of the nanostructure. Fig.12a shows the results concerning isolated nanoparticles while
in Fig.12b we report transmission spectra for coupled nanostructures. In both cases the
optical transmittance spectra present evidence of a clear anisotropic behavior; for
perpendicular polarization a localized minimum around 620 nm is found. This is the typical
behavior exhibited by sub-wavelength metal nanoparticles sustaining a localized surface
plasmon resonance (Bohren & Huffman, 1998). For parallel polarization a red shifted
extinction peak, centered around 700 nm, is observed. This can be attributed to a higher
order plasmonic resonance (Aizpurua et al., 2005).
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Fig. 12. Transmission optical spectra of single (a) and coupled (b) nanoparticle arrays.
Red/black lines are for perpendicular and parallel polarization respectively. (c) SERS spectra
of cresyl violet molecules deposited on NP sample (blue line) and flat Au film (red line).
Background measurement performed on bare NP structure is also reported (black line).

Moving from the isolated nanoparticle array (Fig.12a) to the dimer case (Fig.12b) we can
notice a broadening and a slightly shift of the resonance peaks due to near field coupling
(Fischer & Martin, 2008).
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In order to probe the enhancement behavior in Raman spectroscopy related to the plasmon
excitation, the sample of Fig.11b was immersed in a cresyl violet (CV) solution (3.46 © M in
H>O) for 15 min. The sample was gently rinsed in DI-water to remove molecules in excess
not chemisorbed on the metal surface and then dried in nitrogen flow. SERS measurements
were carried out by means of inVia microspectroscopy (Renishaw). The samples were
excited by 633 nm laser wavelength (laser power = 0.14 mW and accumulation time = 50 s)
through a 150X objective. The measurements were performed on bare nanoparticle arrays
(sample NP), on CV molecules chemisorbed on a flat Au film (sample CV Au) and on CV
deposited on the nanostructure arrays (sample CV NP). As shown in Fig.12c¢ (NP line) no
characteristic Raman band, except at around 320 cm-! related to the Ca-F vibration from the
substrate, is observed. The characteristic vibrational bands of CV are observed in the SERS
spectrum (CV NP trace). Intense Raman bands centered at around 591, 882, 927 and 1189 cm-
1 can be attributed to the N-H> rocking vibration, two benzene group bending, out-of phase
N- H; rocking vibration, and combination of N-H; rocking and C-Hx rocking, respectively
(Vogel, 2000; Sackmann et al., 2007). CV molecules chemisorbed over a flat Au film are also
shown in Fig.12c. We can clearly observe that there is a giant enhancement in Raman signal
for CV NP sample with respect to the CV Au one. The evaluated SERS enhancement for the
fabricated device is around 107.

5. NPs based plasmonics devices for SERS applications

Metallic NPs are characterized from a great mobility of theirs electrons, resulting in a
characteristic ability of sustaining coherent electronic oscillations, when light is impinged on
them. The phenomenon, interesting generally the metallic surfaces, consists of the localized
surface plasmons (LSP) formation (Raether, 1988; McCall et al., 1980; Haynes et al., 2005; Das
et al., 2009; Kneipp et al.,, 2002) associated to the collective oscillation of the electrons
moving in the small metal particles volume. The local electromagnetic field near the
nanostructures surface results enormously enhanced. This property makes metallic NPs
particularly interesting in spectroscopy. In Raman spectroscopy, this phenomenon is known
as Surface Enhanced Raman Scattering (SERS) effect; it allows the detection or very diluted
solutions, where very few molecules are present, overcoming the normal limit of Raman due
to the great fluorescence which, in these cases, may cover molecules signals (Kneipp et al.,
1997; De Angelis, 2008, 2010b). In fact, when a molecule is very close to a metallic
nanostructure the LSP formation, under the laser effect, generates a giant enhancement of
Raman signal (Das et al., 2009; Nie & Emory, 1997; Creighton et al., 1979).

It is clear that LSPR and, consequently, SERS intensity is strongly influenced from size,
shape, inter-particle spacing of the nanoparticles and the dielectric environment of material.
For particles diameters d « A (A = wave length of excitation laser), electrons move in phase
on the excitation wave plan with the consequently formation of polarization charges and,
then, of a dipolar field on particles surface. The estimated enhancement for Au and Ag
isolated particles is around to 106 =107 (Otto, 1984; Kneipp & Kneipp, 2006).

For this reason the roughness of a surface obtained from a NPs deposition is of fundamental
importance and overall the fabrication of specific metal nanostructures, in which size, shape,
inter-particle spacing of the nanoparticles may be chosen carefully, has become an
important factor for research on plasmonic devices (Gunnarsson et al., 2001). Traditionally,
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as already mentioned above, NPs for SERS applications were prepared in chemical way,
producing Ag colloids to whom attacking bio-molecules for the detection (Xu et al., 1999;
Kneipp et al., 2004; Hao & Schatz, 2004) with good results regarding SERS effect, but with
some limits in the reproducibility of the systems. Afterwards, other kinds of SERS substrates
were realized, as metallic films (Constantino et al, 2002; Garoff et al., 1983) and
nanostructures (NPs) with characteristic length scale in the nanometer range, as nanovoids,
nanoshells, nanorods, nanorings and nanocubes (Le Ru et al., 2008; Grzelczak et al., 2010;
Tao et al., 2008). Recently development of nanofabrication techniques, as electron beam
lithography (EBL) or focalized ion beam (FIB), has improved plasmonic nanostructures
control and consequently has improved the efficiency of these nano-devices, focalizing the
attention on substrate-bound nanostructure fabrication (Zhang et al., 2006).

Here, the fabrication of silver/gold nano-aggregates into well-defined lithographic
structures is described. Micro- and nano- structured patterns are realized by EBL. The
procedure of fabrication consists in three steps: 1)spin-coating of the silicon wafer by a
resist, ZEP for microstructures and PMMA-A2 for the nano-structures; 2)the spinned resist
is exposed to high energy electrons to design the pattern; 3)the exposed resist is removed by
the appropriate solvent (developer). The exposition phase is regulated by means of typical
EBL parameters, as electron beam current and exposition time, regulated on the basis of
resist characteristics, on its thickness and on pattern size.

The metallic nanoparticles (especially gold and silver) may be fabricated into the
lithographic pattern by physical techniques (evaporation), chemical techniques (reduction
from metallic ions) or self-assembly techniques (Jensen et al., 1999; Felidj et al., 2002).

Among these, electroless deposition is a very fast, simple and economic technique, based on
the auto-catalytic reduction of metal salts. The redox reaction consists in an electrons
exchange between the metallic ions of an opportune solution where the substrate is
immersed, and a reducing agent, which may be in the same solution or may be the substrate
itself. In literature, several studies report the deposition of metals, as silver, gold, copper,
nickel or their alloy, by this technique, obtaining thin films with higher roughness, dendritic
structures, submicrometric metallic structures or NPs (Qiu & Chu, 2008; Gao et al., 2005;
Yang et al., 2008; Peng & Zhu, 2004; Goia & Matijevic, 1998).

Here, the attention is centered on deposition of silver and gold nanoparticles for SERS
application by electroless technique in which the reducing agent is the substrate itself
(Coluccio et al., 2009). After the resist developing (the 3° steps of lithographic process) the
pattern on Si wafer consists in holes where silicon remains uncovered. The patterned
substrate is then dept into a solution of silver nitrate (AgNO3) or chloroauric acid (HAuCly)
prepared in fluoridric acid. The standard solution concentration is around 1 mM, but it is
possible to modulate it according to the morphology that we want to obtain. The solution
enters the cavity and the reaction between silver/gold ions and the silicon wafer occurs. The
metal deposition increases with the increase of temperature and reaction time.

The electroless process may be divided in two steps:

1. the patterned silicon reacts with fluoridric acid (HF) determines the removing of the
superficial silicon oxide (SiO») layer and the formation of a hydrogenated surface, inert
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to reactions with O,, CO,, CO, etc., while presenting a good reactivity with silver ions
(Palermo & Jones, 2001);

2. the metal nano grains growth into the holes obtained onto the substrate, according the
following reactions:

4 Ag* + Si(s) +6 HF — 4Ag0 + H,SiF, + 4H* (1)

which can be separated into two half-cell reactions (2) and (3):

Anode

Si + 2H,0 — SiO, + 4H* + 4e-(silicium oxidation) (2)

Cathode

Ag* +e- — Agl (silver reduction). 3)

The oxidation of silicon, produced the electrons, is necessary for the silver reduction (Goia &
Matijevic, 1998; Coluccio et al., 2009; Palermo & Jones, 2001). The mechanism of formation of
the nanoparticles begins with few silver ions that react directly with the substrate forming
metallic nuclei. These Ag nuclei are strongly electronegative, thereby, attracting other
electrons from the silicon bulk and consequently getting negatively charged; then they
attract silver ions which reduced to Ag? thus inducing the growth of the original Ag nuclei
(Qiu & Chu, 2008). The gold reactions are very similar, the ion reacting obviously is Au3+.
Gold forms smaller NPs then silver and the reaction kinetic is slower.

The morphology of nano-aggregates depends on the lithographic pattern and, in particular,
on the size: in nano sized structures, the grains grow compact and more mild reaction
conditions are necessary for avoiding an excessive nano grains formation, in particular,
concentrations under 1 mM and temperatures under 50°C may be used. In micro sized
structures, for obtaining a uniform surface covering is important to use concentration up to
ImM and temperature around 50°C. For every SERS structures, the optimal reaction
conditions must be searched, modulating the parameter for obtaining the correct particles
sizes and density.

Both gold and silver nano aggregates give a good SERS effect, even if silver has the
disadvantage that oxidizes with time, giving a decreasing of SERS efficiency. To overcome
this problem bimetallic substrates may be fabricated depositing in a first step silver nano
grains and over them gold nano grains. Gold assures the SERS device protection from time
depending oxidation and maintains a good efficiency of the substrate. SEM images of silver
and gold SERS devices are shown in Fig.13.

As mentioned above the fabrication of regular array of metallic NPs, may increase the
efficiency and the reproducibility of the SERS device, and their optical characteristics may be
selected varying size and mutual distance between particles. NPs arrays examples are
reported in Fig.14.
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Fig. 13. SEM images of nano grains assembled on microstructures, fabricated using e-beam
lithography and electroless deposition: (a) silver nano grains, (b) gold nano grains,
(c) silver/gold nano grains.
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Fig. 14. SEM images of nano grains assembled on nanostructures, fabricated using
e-beam lithography and electroless deposition.

The SERS effect of gold, silver or of bimetallic (silver/gold) microstructures is
investigated using rhodamine-6G as probe molecules. The substrates are dipped into
rhodamine-6G water solution with different concentrations, rinsed with water dried in N>
and then used for the spectroscopic investigation. SERS experiments show spectra with
well-defined peaks at very low molecular concentration, for all the metallic/bimetallic
substrates (Fig.15). The highest SERS efficiency is found for SERS device based on gold
over silver surface.
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