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ABSTRACT
Nanofabrication of SERS Substrates for Single/Few Molecules
Detection

Gianluca Melino

Raman spectroscopy is among the most widely employed methods to investigate the
properties of materials in several fields of study. Evolution in materials science allowed us
to fabricate suitable substrates, at the nanoscale, capable to enhance the electromagnetic
field of the signals coming from the samples which at this range turn out to be in most
cases singles or a few molecules. This particular variation of the classical technique is
called SERS (Surface Enanched Raman Spectroscopy). In this work, the enhancement of
the electromagnetic field is obtained by manipulation of the optical properties of metals
with respect to their size. By using electroless deposition (bottom up technique), gold and
silver nanoparticles were deposited in nanostructured patterns obtained on silicon wafers
by means of electron beam lithography (top down technique). Rhodamine 6G in aqueous
solution at extremely low concentration (10-8 M) was absorbed on the resultant dimers and
the collection of the Raman spectra demonstrated the high efficiency of the substrates.
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Chapter 1

Introduction
Surface enhanced Raman spectroscopy (SERS) is a relatively new procedure becoming
largely exploited in several disciplines spanning from biology to chemistry and from
engineering to art [1-3]. It was first observed by M. Fleischmann in 1973 and two theories,
explaining the mechanisms of the phenomena governing this process, were published in
1977 [4-6]. Plasmonics plays a central role in understanding and carrying out SERS
measurements. This particular branch of photonic science studies how the electromagnetic
field of radiations interacts with metals in terms of the confinement of the former over
ranges similar or smaller than the radiation wavelength. The study and analysis of metals
at the nanoscale has led more and more experts to draw their attention towards Surface
Plasmon Polaritons (SPPS). Plasmons are substantially mutual oscillations of electrons at
the boundary between a conductor and a dielectric. They are described by evanescent
electromagnetic waves propagating in the direction orthogonal to the interface. These
waves are generated by coupling electromagnetic fields with the plasma electrons in the
conductor. In particular, the interaction of light with SPPS in nanostructures is responsible
of disparate phenomena such as the transport, deposition, localization and direction of
energy. A strong knowledge of surface plasmon resonance (SPR) is required if we want to
fabricate nanostructures with specific parameters for an optimal optical response. In the
reference to metal nanoparticles, these features are the size, shape and environment itself.
Nobel metals like gold, silver and nickel have been subject of study for their particular
optical properties. These properties and the methods of synthesis of the metal patterns
themselves are hence the key points in the fabrication of efficient SERS substrates for the
detection of single/few molecules. In the present work, I start with a short description about
nanotechnology and thereafter the fabrication and characterization of the SERS substrates
are reported in details. Electroless growth is presented as a method to synthetize metal
nanoparticles on the basis of a simulation model called diffusion limited aggregation
12

(DLA). The combination of Electron beam lithography (EBL) with electroless resulted in
the fabrication of dimers to employ as SERS substrates. The basic theory of Raman
spectroscopy and SERS is treated and the enhancement factor of the SERS substrates is
evaluated.

1.1 Nanotechnology
Systems based on nanostructures are assuming a relevant role in science due to their
peculiar optical, electronic and catalytic properties. In analytical chemistry, electrodes
chemically modified by using metal nanoparticles allowed to improve the sensibility and
the limits of detection, leading to the fabrication of miniaturized devices. Detection of
single molecules in solution of low concentration is raising interest in medicine and biology
because it would represent a further step towards the premature cancer diagnosis [7].
Richard Feynman in 1959 opened a new frontier, the silicon era. He gave rise to research
in nanoscience around the world with his famous and prophetic speech entitled “there is a
plenty of room at the bottom” [8]. In 1976, the word “Nanotechnology” was coined to
indicate this particular branch of technology that works at nanoscale (one thousandmillionth of a meter). Nanotechnology in biology, for example, combines inorganic
nanomaterials with organic molecules, taking part in cellular metabolism, conditioning the
production of molecules and the transmission of information or creating scaffolds for the
development of complex molecules through the manipulation of DNA.
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Figure 1.1 Nanometric comparison chart

1.1.1 Basic Principles of Nanotechnology
As previouly mentioned the common unit of measurement in Nanotechnology is the
nanometer which corresponds to one thousand-millionth of a meter. Materials
characterized by a nanometric size have particular chemical and physical properties with
respect to canonic materials:


Increased relative surface area;

The smaller the dimensions of the particles, the larger the number of atoms at surface
will be with respect to those inside.


Quantum effects;

The optical, magnetic, electrical properties of materials change especially as their size
approaches the smaller end of the nanoscale. Materials that show these properties are
for instance: quantum dots and quantum well lasers for optoelectronic.

14

1.1.2 Instruments for Investigation
Sophisticated imaging techniques with high spatial resolutions will be required for
visualization, characterization and manipulation of materials at the nanoscale. Taking
advantage of the information collected using these techniques is crucial in order to
understand the properties of the structures at the nanoscale. Some important techniques and
instruments are:


Highly focused synchrotron light sources that give detailed structural information
probing atoms’ positions.



Scanning Electron microscopy (SEM), Transmission electron microscopy (TEM),
and Scanning Probe microscopy (SPM) allow topographic bidimensional and
tridimensional visualizations of nanostructures.



Reflection High Energy Electron Diffraction, the in situ monitoring technique
which gives information about the atomic structure of the samples.

1.1.3 Applications
Nanotechnology is unanimously acknowledged as a revolutionary discipline in terms of its
possible impact on industrial applications and consequently on daily life [9,10].
Nanotechnology has been providing solutions in many fields and because of its
interdisciplinary character it involves researchers from different areas of science and
technology. The principles sectors of Nanotechnology are:


Nanomaterials



Nanoelectronics



Nanophotonics or nano-optics



Nanomedicine and bio-nanotechnology
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1.2 Nanophotonics
Photonics is the science that studies how to generate, emit, transmit and modulate light by
investigating its interaction with matter. When this is applied to medicine it comes under
biophotonics. Nanophotonics describes the manipulation of light in systems where matter
and/or electromagnetic radiations are confined on the nanometric scale. The confinement
over dimensions smaller than light wavelength is the cause of several phenomena at the
macroscopic scale and hence nanophotonics is becoming more interesting and promising
than photonics itself. On the other hand organic materials are lighter and less expensive
than equivalent inorganic materials. They are more flexible from a mechanical point of
view and their chemical synthesis allows modification of their properties, opening a route
for different applications. The efficiency of nanophotonics has been demonstrated in
several fields ranging from nanofabrication to tridimensional in vivo microscopy and
photodynamic therapy.

The nanoscopic confinement and nanomanipulaton of

electromagnetic fields can be obtained in several ways. In the case of metallic
nanoparticles, electromagnetic fields are enhanced by plasmonic resonances. The
resonance frequency depends on the dimensions of the nanoparticles and dielectric constant
of the medium. Instead, the shape of the particles influences the spatial distribution of the
electric field. Before going into further details it is curios to explain why the glasses in the
windows of the most famous European cathedrals show such brilliant colors.

Figure 1.2. Rose window of Notre Dame Cathedral in Paris
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In the fabrication process for the stained glasses, metals contained in the pure glass were
treated whit heat and gave raise to colloidal metal dispersed nanoparticles. Such particles,
with a diameter in the order of sub-micron, transmitted only specific wavelengths of the
visible spectrum, scattering all the others. Therefore, a red-brilliant section of the stained
glasses has colloidal particles that disperse the yellow and green components of the sunlight
spectrum while allowing the red light to be transmitted. Nanoplasmonics is a branch of
photonics concerned with the description, prediction and understanding of optical
phenomena occurring at the nanoscale in nanostructured metal systems. Surface plasmons
(SPs) represent the key concept for understanding the ability of such systems to maintain
the optical energy confined at the nanometric scale.

1.2.1 Dielectric Function and Index of Refraction
The optical properties of all bulk materials are influenced by the dielectric function (𝜀𝜔 )
and index of refraction 𝑛(𝜔) strict related by the following equations.
𝑛(𝜔) = √𝜀𝜔

(1.1)

2𝜋𝑐
𝜆

(1.2)

𝜔=

Both 𝑛(𝜔) and 𝜀(𝜔) depend on the frequency (𝜔) and wavelength (𝜆) of the light and this
explains why most materials respond differently to electromagnetic waves at different
frequencies and wavelengths. Metals are amongst the materials in which 𝜀(𝜔) is complex.
Moreover, it is has been widely acknowledged that the presence of surface plasmons is
strictly related to the fact that the dielectric function of metals (𝜀𝜔 ) has a negative real
part (𝑅𝑒 𝜀𝑚 < 0) [11]. A specific compound will be classified as an efficient plasmonic
metal if two features are simultaneously satisfied [12,13]:
|𝑅𝑒| 𝜀𝑚 < 0;
|𝐼𝑚 |𝜀𝑚 < −|𝑅𝑒 |𝜀𝑚 ;
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Gold and silver are the most used metals in nanoplasmonic applications. The major
differences between these two metals can be highlighted comparing the real and imaginary
parts of their dielectric functions (Fig.1.3). The real part of the dielectric function of both
metals for most of the visible range is negative and large in magnitude. The imaginary part
is always related to the absorption of the material. Indeed, a material with 𝐼𝑚[𝜀(𝜆)] = 0
does not absorb light. Gold shows a “double hump” structure in the imaginary part
(~400nm). This is the reason for the relatively higher absorption of Gold with respect to
Silver for wavelengths smaller than 600 nanometer. In this range of wavelengths, Gold
produce more “lossy” plasmon resonances causing a less enhancement of the electric field
associated to the radiation. However, this is no longer true at longer wavelengths where the
imaginary part of 𝜀(𝜆) for both metals becomes completely comparable. Gold should
therefore show plasmonic properties similar to Silver in this longer wavelength range. In
particular, Silver shows higher enhancements in SERS measurements but because of the
different surface chemistry properties with respect to Gold, it exhibits poorer stability and
lower bio-compatibility [14].

Figure 1.3. Real part (a) and imaginary part (b) of the dielectric functions of gold
and silver with respect to the wavelength [14]
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1.2.2 Maximum Confinement of Electromagnetic Energy
It is important to understand that despite for an electromagnetic wave a limitation of
confinement exists, nanoplasmonics deals with the concentration of electromechanical
energy at optical frequencies on the nanoscale. The concentration of electromagnetic
energy depends on the wavelength. It is easier to understand this principle if we try to find
the minimum distance at which the light can be confined inside two parallel perfect mirrors
[15].

Figure 1.4. Schematic representation of the wave confinement inside two ideal mirrors [15]

We can assume each ideal mirror as a metal with zero skin depth. Therefore, the electric
field of the wave (E) cannot pass through the mirror. Magnetic field (H) and electric field
(E) are perpendicular to each other and when one increases the other one decreases.
Consequently, the field is zero inside the mirror and at the surface of the mirror. The length
L of the cavity should be hence equal an integer numbers n of the half-wavelength.
𝐿=

𝑛𝜆
2

(1.3)

The minimum length of the cavity is clearly 𝜆/2 in all the directions and the light cannot
be confined tighter than to this length in each direction, with a minimum modal volume
of 𝜆3 /8. These assumption leads to state that:
i.

The optical energy is electromagnetic energy

ii.

The best confinement is provided by ideal mirrors
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1.2.3 From Electromagnetic to Electromechanical Energy
If we analyze a nanoplasmonic system with size (𝑟) similar to the skin depth (𝑙𝑠 ) both
these assumptions do not longer hold. In this case the skin depth can be expressed as
1/2 −1

2
−𝜀𝑚
𝑙𝑠 = ƛ𝑅𝑒 [(
)
𝜀𝑚 + 𝜀𝑑

]

(1.4)

where, ƛ is called reduced wavelength and can be written as
ƛ=

𝜆
𝜔
=
(2𝜋) 𝑐

(1.5)

For single valence plasmonic metals (gold, silver, alkali metals) 𝑙𝑠 ≈ 25 𝑛𝑚 in the total
optical region. Since r ≤ ls, the optical electric field affects the entire system and induces
the oscillations of the electrons in the metal. In this case non-relativistic electrons interact
weakly with the magnetic field and the interaction is proportional to a small parameter
called fine structure (α). The fine structure is constant and can be expressed if we know the
Fermi velocity (vf) and the speed of light (c) as
𝑣𝐹
~𝛼~10−2
𝑐

(1.6)

In these conditions:
i.

The magnetic component has a negligible impact on the total energy.

ii.

The electrons’ potential and mechanical-kinetic energies are the only components
of the entire energy of system.

Therefore, the total energy is mostly electromechanical and not electromagnetic. The
wavelength (which represented the length scale of the energy exchange between the
electric and magnetic components of an electromagnetic wave) does not longer define the
limit of the spatial localization of energy. It is the size of the system (r) that defines the
spatial scale of the optical energy localization because it is smaller than any
electromagnetic scale. Thus the optical fields are confined on the nanoscale, and their
spatial distribution scales with (r).
20

1.2.4 Surface Plasmons
For a solid comprehension of localized surface plasmons generation let us consider a gold
nanosphere (r = 10 nm and r ≤ ls) exposed to a plane electromagnetic wave. All the
electrons in the nanosphere will be displaced with respect to the lattice by the field
penetrating the metal. As a consequence of the displacement, opposite charges will appear
at opposing surfaces (Fig.1.5a). A restoring force is generated by the attraction of this
charges. This force, together with the effective mass of the electron, defines an
electromechanical oscillator called surface plasmon (SP) (Fig.1.5b). When the frequency
of the incident light is similar to the frequency ωp of the surface plasmon, a resonance
arises and leads to an enhancement of the local field at the surface of the nanosphere
(Fig.1.5c).

Figure 1.5: (a) Charges displacement; (b) Collective oscillations of surface electrons of metals (Electromechanical
oscillator); (c) Localization of the optical fields by a gold nanoparticle [15]

The negative side of the resonant enhancement is the loss of energy always related to the
resonance. The rate of this loss is proportional to Imεm. In particular the decay rate of the
plasmonic field γ is proportional to (Imεm)-1 and the lifetime τ of the SPs is related to the
decay rate γ by
𝜏=

1
2𝛾

(1.7)

The quality factor Q is another important parameter for the determination of the number of
optical free SPs oscillations occurring before the decay of the field.
𝑄=

−𝑅𝑒𝜀𝑚 (𝜔)
𝐼𝑚𝜀𝑚 (𝜔)

(1.8)
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Quality factor (Q), decay rate (γ), and lifetime (τ) are dependent only on the frequency
(ω). The dependence of the SP lifetime (τ) on frequency (ω) was plotted for silver (Fig.
1.6a) and gold (Fig. 1.6b). In the case of silver the range of variation of 𝜏 is between 10
and 60 fs while for gold it is 1-10 fs because nanoplasmonic phenomena are ultrafast [15].

Figure 1.6: (a) Surface polaritons lifetime of silver; (b) Surface polaritons lifetime of gold [15]

1.2.5 Single Molecule Detection
The discovery and identification of a single molecule [16] has a high limit of sensibility in
chemical analysis and mechanical physics. Different dynamic studies were conducted to
detect single molecules such as DNA, RNA and proteins. These studies usually aim to
reveal single molecules by checking their positions, movements and by identifying their
chemical structure [17]. Spectroscopic techniques play an important role in the
development of instrumentations for single molecule especially in biophysics,
biochemistry and medicine where extremely low concentrations are needed. Moreover, the
analysis of signals and spectroscopic processes at single molecule level give relevant
information about the intrinsic properties of molecules themselves. Fluorescence is widely
adopted as ultrasensitive instrument. Specific analyses allow identification and
characterization of biomolecules by means of simple covalent bonds. Indeed, it was
possible to identify single molecules of Flavoenzyme (Fig. 1.7). Each pick in the area
represents a single molecule of cofactor Flavin bound to the enzyme [18].
22

Figure 1.7. Detection of single molecule of Flavoenzyme [21]

Single molecule detection can be performed using Raman spectroscopy by taking
advantage of the SERS effect (Surface Enhanced Raman Scattering) which finds its
fundamentals in the theory previously discussed. When a molecule is impinged on the
surface of gold or silver nanostructures, the Raman signal can be enhanced up to 1014 times
(in case of silver). The resultant spectrum can give important structural information about
a molecule but more important, it is the only way to detect a single molecule and identify
simultaneously his chemical structure.

1.2.6 Diagnostic Applications
The principle sectors for the use of devices based on single molecule detection are:
 Medicine (detection of blood markers for stroke diagnosis, DNA mutations) [19,20]
 Alimentation (detection of allergens, bacteria and toxins)
 Environment (detection of anionic surfactants in aquifers and other pollutants)
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Chapter 2

Lithography: A Top-down Approach
Lithography is a “top-down technique”. The “top-down” approach, starting from a bulk
material or a film, removes selectively parts of the main block to fabricate nanostructures.
Three important aspects identify the top down approach:
 Etching
 Depositing
 Patterning
The first two elements deal with managing matter while the last one is designed for shaping
the matter to be managed. In general, pattering methods and therefore many lithographic
techniques are delineated to transfer two dimensional features on the substrate. It is their
combination with methods of deposition and etching that allows the fabrication of three
dimensional nanostructures [21]. The term lithography was first used in the 1796 century
by Alois Senefelder who referred to a particular printing method based on the immiscibility
of oil and water [22]. Nowadays, a large number of lithographic techniques are used in
science and one of the main applications is the fabrication of nano and micro devices or
components for macroscopic apparatuses [23]. Lithography is a process for transferring
geometrical patterns on substrates (silicon, glass, GaAs, etc.) [24]. Transfer of the pattern
on the substrate is carried out differently depending on the technique we choose. Each type
of lithography aims to achieve resolutions that span from micrometer (10-6m) to nanometer
(10-9m). It is hence extremely important that all the processes are conducted in a specific
environment known as “clean room” [25]. Each nanofabrication laboratory has its own
clean room where the air is constantly filtered and recycled and the values of temperature
and humidity are kept fixed at certain values. Cleanrooms are classified on the basis of the
maximum quantity of particles per air volume (Table 1).
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Table 1. Clean room classification

Photolithography is the most adopted type of lithography. In this technique the substrate
is coated with a photoresist which is a material sensitive to UV radiation [26]. The light is
used to transfer the geometric pattern from a photomask to the substrate. The resolution
obtained by photolithography is however not sufficient for transferring nanometric
patterns. Among the nanofabrication techniques we find:
 Nanosphere Lithography
 X-ray Lithography
 EBL
 FIB coupled with e-beam induced deposition
 Nanoimprint Lithography

2.1 Nanosphere Lithography
Nanosphere lithography is not a conventional technique. It allows to fabricate structured
metals on substrates by means of a self-assembly process [27]. This method involves
deposition of polystyrene particles to create a monolayer which works as a mask for the
material deposition [28]. The evaporation of gold for creating metallic nanostructures and
the successively removal of polysterene by ultrasonication are shown in Fig 2.1.
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Figure 2.1. Fabrication steps of nanosphere lithography [28]

2.2 X-ray Lithography
X-ray lithography uses optical sources that emit light with a wavelength smaller than 10
nm [29]. At this wavelengths it is not possible to take advantage of reflection and refraction
to obtain the transfer of the pattern. Moreover, there are not materials enough transparent
to create masks and the base of the mask should be very thin. The advantages are the high
resolution and the insensitivity to organic contaminants.

2.3 Electron Beam Lithography
EBL technology consists of the electron irradiation of a surface covered with a resist
sensitive to a focused electron beam. This technology performs a direct writing (in contrast
with projection systems that require the use of masks to define the patterns) avoiding in
that way the effect of diffraction. Dimensional limits on the pattern size depend both on
the Electron beam machine and the resist. Indeed, the electron beam induces chemical
reactions that lead the resist to be more or less soluble under treatments with particular
solvents. In general, the average length of the resist molecules play a key role in the
solubility of the material. Poly methyl methacrylate (PMMA) is the most common resist
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for EBL because it is easy to process and has high resolution. The major advantage of this
technique is the resolution in the order of 10 nm [30].

2.3.1 Electron Beam Lithography System
Each system for EBL is based on the SEM technology. The process can be described as a
Gaussian circular beam of electrons that exposes only one point at time. The beam must be
perfectly circular, stable and with a minimum diameter. These characteristics can be
assured only if the system works at different ultrahigh vacuum levels. Furthermore, the
beam should be blanked in a short time to prevent imprecisions and the mounting stage
should move precisely to provide the correct positioning of the sample. A computer assures
these conditions are satisfied and allow all the components to work efficiently and at the
right time [31-33]. The three main components of an EBL system are the electron gun, the
column and the working chamber (Fig 2.2).

Figure 2.2. Components of the column of an EBL system [31]
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a. Electron Gun
The electron gun consists of two electrodes that pull off and accelerate the electrons from
a filament to a definite energy. There are different mechanism of emission:
1. Thermic emission is founded on the heat as source for the extraction of the electrons
[34].
2. Cold field emission (CFE) occurs at low temperature and the emission arises as a
result of the application of high electric fields
3. Schottky or Thermionic emission (SE) which couples the best features of the
previous sources [35].
Three important parameters define the electron guns in the EBL systems:
 Virtual size of the source.
A small value will correspond to a narrower beam spot and hence to a less magnification
by the lenses in the column. The larger the virtual size is, the larger the number of lenses.
 Brightness
A high brightness will lead to a decrease in the time of the exposure of the sample but on
the other hand it will affect the resolution of the system. Consequently, it is relevant to
keep this parameter under a certain range of values since high resolution performances are
achieved with low values of brightness.
 Energetic dispersion
It refers to the energy dissipated by the electrons when they are emitted. A large value of
energetic dissipation will correspond to a large number of wavelengths and so to a large
number of chromatic aberrations. Cold field emission sources are particularly convenient
in terms of high resolution performances due to their small values in dispersion of energy
and beam size. However thermionic field emissions are considered the best option because
they display a combination of the top features in the cold field devices combined with the
typical properties of thermic sources. The sources are categorized on the basis of all the
precious discussed parameters (Table 1, Table2).

28

Table 2. Thermionic sources

Table 3. Field emission sources

A basic structure of a Schottky TFE electron gun (Fig. 2.3) consists of a filament usually
made of polycrystalline Tungsten (W) with a tip oriented along the (100) plane and a
Zirconioum oxide reservoir (ZrO2) [36] (Fig. 2.4). The filament heating current (IF) is
heated to 1800 ± 50 K in order for the emitter to operate in the optimum condition. The
entire system is enclosed by a suppressor electrode which applies a suppressor voltage
(VSUP) of minus hundreds of volts to suppress the shank current from the emitter. The
heat in the filament causes an increase in the mobility of Zirconium oxide that migrates
from the reservoir to the tip. The absorbed oxide on the crystalline plane (100) contributes
to a decrease in the work function of the metal promoting the extraction of the electrons by
means of an extractor voltage (VEXT) applied by the extractor electrode. The last step
involves the application of an acceleration voltage to supply a predetermined energy to the
extracted electrons.
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Figure 2.3. Basic structure of a TFE electron gun [31]

Figure 2.4. Tungsten heating filament of an electron gun [36]
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b. The Column
The column is a complex structure of the electron beam machine and represents the path
crossed by the electron beam before hitting the sample. It consists of several components:
The lenses
The elementary principles of electromagnetism are useful to understand the processes the
beam goes through after being originated by the gun. Electrons show a dual behavior, they
can be both described as a wave and as a particle. The beam is focused and deflected when
subjected to the action of either electrostatic lenses or magnetic lenses. The remarkable
aberrations generated by electrostatic lenses lead the magnetic lenses to be often preferred
as instrument for focusing the beam [38]. There are two kinds of aberrations:
 Spherical aberrations caused by a radial variation in magnetic field across the
aperture of the lens, resulting in a dependence of focus upon the radial position of
the electron trajectory through the lens.
 Chromatic aberrations: results from the change in focus across the finite energy
spread of the electron beam

The Boersch and Loeffler effects describe the causes of aberrations inside the column
[39,40] (Fig 2.5). In the first case the electrons repeal each other in the beam direction
causing the spread among the electrons and thus chromatic aberrations. On the contrary,
Loeffler effect refers to collisions and repulsion of electrons along a different path causing
both spherical and chromatic aberrations.
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Figure 2.5: (a) The Boersche effect; (b) The Loeffler effect.

Magnetic Lenses
A magnetic lens made of a copper coil is inserted between two circularly symmetric iron
pole pieces [32] (Fig. 2.6). The coil inside the electromagnetic lenses produces a radial
magnetic force that affects the electrons travelling with a fixed tangential velocity with
respect to the beam axis. As a result, the electrons are exposed to a force that both moves
them in the direction of the beam axis and converges them to a fixed distance (d) with
respect to the center of the lens. The distance is dependent on the magnetic field (B0), the
gap (G), the ratio e/m=μ and the electron velocity expressed by the potential (V0).
𝑑≅

8𝑉0
𝐺𝜇𝐵02

(2.1)
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Figure 2.6. Basic structure of a magnetic lens [32]

Electrostatic Lenses
Although electrostatic lenses are analogous to magnetic ones in terms of operation, they
are mainly used as condenser lenses of the electron gun. The structure consists of three
plates with a central aperture. The external plates are connected to the ground while the
central plate has a variable potential (Fig 2.7).

Figure 2.7. Basic structure of an electrostatic lens [32]
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On the other hand, the deflection of the beam can be achieved by means of coils and plates
that generate fields orthogonal to the beam axis. The part of the column in charge for
deflection is called deflection unit. The beam is deviated through the sample in an area
delimited by the parameters of the scan field. During operation, the deflection must provide
minimum degradation and absence of hysteresis. Indeed, it is placed far from conductive
metallic elements to elude each possible contact with them and it is usually equipped with
software for the correction of aberrations. Similarly to the previous cases, both electrostatic
and magnetic principles can be at the basis of deflection. Electrostatic deflection shows a
quicker response while magnetic deflection is responsible for a reduced amount of
distortions.
The Apertures
During his travel lengthways the column, the beam runs across several holes called
apertures. The aberrations caused by the lenses and hence the resolution are strongly
affected by the action of the apertures. Some apertures called “spray apertures” are
designed to halt all the stray electrons avoiding damages in the machine. Other apertures
modify the beam, setting the beam current and its angle with respect to the sample. These
kinds of apertures must be placed near to the gun in order to contain the consequences due
to the repulsions between electrons. Uncleanness caused by particles (deposited on the
apertures) has to be either removed by heating processes or replaced.
The Beam Blanker and The Stigmatism
The beam blanker is placed within the beam path (Fig. 2.8). It is constituted by two parallel
plates that exert a potential in order to deflect the beam, forcing it off axis until it reaches
the apertures. The plates are connected to an amplifier with fast response. It is definitely
important that the beam is intermitted in a very little time [36]. The astigmatism is the
distortion of the beam shape that turns from circular into elliptical. This alteration reflects
on the final result because the models used to calculate the time and dose of exposition rely
on a beam circularly shaped. Consequently, the pattern is not correctly transferred on the
sample. This phenomenon is typically due to inadequacies during the fabrication and
assembly of the column. A particular system is adopted to give the circular shape back to
the beam. It is constituted by four or eight poles implemented all over the optical axis.
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Figure 2.8. Working scheme of a Beam blanker [36]

Before being focused, deflected and calibrated the electrons of the beam must be detected.
This duty is accomplished by a detector directly linked to a computer. The beam current is
measured through a Faraday cage placed immediately after the apertures. The chamber and
the stage are the areas where the beam interacts with the sample. In addition, since the
entire system must work at ultra-vacuum high levels a series of pumps provides the
vacuum. In particular, an ionic pump produces the vacuum inside the column and a valve
enables the keeping of the vacuum when the chamber is opened.

2.3.2 Resolution Limits
Although EBL is a high resolution technique, it shows some resolution limits that (even if
quite lower than in the other types of lithography i.e. optics lithography) overall affect the
final performance of the system. It is known that the problems caused by diffraction are
smaller in the case of EBL because the electron wavelength (λe) is much smaller than the
light wavelength. The wavelength of the electrons in the column can be expressed as
𝜆𝑒 =

1.22
√𝑉𝑔

𝑛𝑚
(2.2)

where, Vg is the acceleration potential.
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There are different aspects affecting the resolution of an EBL system. All these aspects
must be taken into account to calculate theoretically the beam diameter as [41]:
𝑑 = (𝑑𝑣𝑖𝑟𝑡𝑢𝑎𝑙 𝑠𝑜𝑢𝑟𝑐𝑒 )2 + (𝑑𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑎𝑏𝑒𝑟𝑟𝑎𝑡𝑖𝑜𝑛 )2 + (𝑑𝐶ℎ𝑟𝑜𝑚𝑎𝑡𝑖𝑐 𝑎𝑏𝑒𝑟𝑟𝑎𝑡𝑖𝑜𝑛 )2
+ (𝑑𝑑𝑖𝑓𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑙𝑖𝑚𝑖𝑡 )2

(2.3)

The magnification inside the column is a very important parameter and it must not be too
high otherwise the availability of the beam will be insufficient. The first term of the
equation can be written as
𝑑𝑣𝑖𝑟𝑡𝑢𝑎𝑙 𝑠𝑜𝑢𝑟𝑐𝑒 =

𝑑𝑠𝑜𝑢𝑟𝑐𝑒 𝑠𝑖𝑧𝑒
𝑚𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

(2.4)

Spherical aberrations influence the angle (α) enclosed between the beam and the sample
and together with chromatic aberrations affect the beam diameter.
𝑑𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑎𝑏𝑒𝑟𝑟𝑎𝑡𝑖𝑜𝑛 =

𝑑𝐶ℎ𝑟𝑜𝑚𝑎𝑡𝑖𝑐 𝑎𝑏𝑒𝑟𝑟𝑎𝑡𝑖𝑜𝑛 =

1
𝐶 𝛼3
2 𝑠

(2.5)

𝐶𝑐 𝐸𝑆𝑝𝑟𝑒𝑎𝑑
𝑉𝑔

(2.6)

Cs and Cc are known as spherical aberration coefficient and chromatic aberration coefficient
while E is the range of energy of the electrons not focalized at the same focal plane and
hence cause of chromatic aberrations. It is not trivial to fix all the parameters in order to
obtain the optimum beam diameter without producing imperfections in the total resolution
[42]. Decisions in this way need to be taken depending on the type of system we are using
because as we have previously seen, different sources and different type of lenses exist and
affect variously all the cited facets.
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2.3.3 Writing Modes
The key event in EBL is the writing process when the electrons are conveyed on the resist
depending on the dosage and the pattern chosen. The area of exposure is ideally subdivided
into cells working as reference for the transfer of the pattern. There are two important
modes of writing or exposure.

1. Vector scan mode saves time.
This method consists in scanning only the areas to be exposed (Fig 2.9a). It is much
faster than raster scanning and also individual shapes can be modified in size,
conformation or exposure dose when necessary. The blanked beam is deflected to
one corner of the first area to be exposed. The beam is hence unblanked and the
shape is exposed typically with a boustrophedon scan at the end of which the beam
is again blanked. The beam is moved to the start of the next element and the process
is repeated [43,44].

2. Raster scan mode requires a longer time. The beam is moved line by line across
the entire deflection field (as across a television screen) and is blanked except
when the pattern has to be exposed (Fig 2.9b). Although it is the simplest method,
making least demands on the deflection system, it is inefficient since the whole
area has to be scanned regardless of the pattern content. It also has restricted
versatility and makes some of the necessary pattern data corrections more difficult
[44,45].

During the writing process several factors influence a correct performance of the machine.
It needs to be considered that the sample is placed on a stage and stage shifts are a strong
restrictive factor. Moreover, the dose (quantity of charge per unit area) and the speed of
the beam have to be precisely calculated especially when we aim to achieve extremely high
resolution.
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Figure 2.9: (a) Raster scan mode; (b) Vector scan mode [42]

2.3.4 Scattering Events
When the electrons hit the sample and experience a direct contact with the resist they go
through scattering events. Two scattering phenomena are distinguished and designed as
forward scattering and backscattering [46]. The difference between them is related to the
amplitude of the scattering angle and in the case of backscattering, secondary electrons are
also generated.

a) Forward Scattering
The term forward scattering refers to the small angle scattering events occurring when the
electrons meet the first component of the sample, the resist. The main consequence of
forward scattering events is the increment of the beam diameter. Indeed, the beam will be
a few nanometers wider at the bottom of the resist than at the top. The increment in the
beam diameter can be easily forecasted if we know the thickness of the resist (lresist) and
the applied voltage in kilovolt (𝑉𝑔 ).
3/2

𝑑𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡

𝑙𝑟𝑒𝑠𝑖𝑠𝑡
= 0.9 (
)
𝑉𝑔

(2.7)

The best ways to elude forward scattering are (a) the use of resists with particularly small
thickness and (b) the application of extremely high voltages [47].
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b) Backscattering
In backscattering phenomena the scattering angle is large. The energy of the electron beam
and the composition of the sample strongly affect this kind of scattering. The higher the
material atomic number, the higher the effect of backscattering is in the sense that electrons
will be scattered at a larger distance from the point of focus resulting in a further exposition
of the resist [48,49]. Montecarlo software is often used to run simulations that predict
scattering phenomena simply by inserting several parameters such as beam diameter, resist
thickness etc. The result consists of numerous energy curves plotted versus the distance
from the center of the beam (Fig. 2.10 a, b)) [50, 51].

Figure 2.10(a) Simulations of electron scattering events on PMMA on a silicon substrates at 10
Kev and (b) 20 Kev [50]

The energy distribution inside the resist can be plotted as a sum of two Gaussian
distributions (Fig. 2.11) with each distribution corresponding respectively to forward and
back scattering events. The resulting profile can be written as
𝐸𝑛𝑒𝑟𝑔𝑦𝑝𝑟𝑜𝑓𝑖𝑙𝑒

1
1
𝑟2
𝜇
𝑟2
=
( 𝑒𝑥𝑝 (− 2 ) + 2 𝑒𝑥𝑝 (− 2 ))
𝜋(1 + 𝜇) 𝛼 2
𝛼
𝛽
𝛽

(2.8)

where, α is the deviation of the forward scattered electrons;
β, the deviation of the backscattered electrons;
μ, the ratio of the backscattered to the forward scattered electrons;
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Although the double Gaussian distribution is accurate for the description of the EBL model,
several scientists proposed more complex functions to label the model in special cases (i.e.
in the presence of very small feature sizes or multilayer substrates).

Figure 2.11. Distribution of the Energy absorbed by the resist plotted in
Montecarlo [50]

2.3.5 Proximity Effect
The word proximity effect refers to an extra-exposure of the resist caused by scattered
electrons. Specifically, the energy delivered by the electrons in the writing process is not
uniformly absorbed by the substrate and the final pattern is distorted especially when the
resolution is in the order of nanometers. The proximity effect can lead either to a
dissimilarity among the transferred patterns (i.e. the spacing between neighboring patterns
are not uniform) or to a distortion in the geometry of a single pattern element (i.e. the center
of the pattern receives a higher dose than the edges) (Fig 2.12). Several corrections are
made in order to avoid the proximity effect [52-55].
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Figure 2.12. SEM image of a pattern realized on a positive resist on silicon exposed with a 20 kV electron
beam exhibits the proximity effect, where small isolated exposed areas receive less dose relative to larger
or more densely exposed areas [51]

The most widely adopted method of improvement consists in assigning a dose to each
individual element in the pattern that will be hence (theoretically) transferred at its precise
size and geometry. Since the electron scattering causes an increment of the dose collected
by large areas, it is useful to compensate this phenomenon by applying corrections with
the purpose of delivering a certain dose to the large regions and a higher dose to the smaller
and/or isolated structures. An analogous tactic to dose variation is pattern biasing [56, 57].
In this methodology, the higher dose that larger patterns collect is compensated by slightly
diminishing their dimensions. This procedure has the benefit that it can be executed on
EBL systems where it is not possible to vary the dose. On the other hand, since the dose
cannot be varied, the large areas will receive a higher dose with respect to the isolated and
small features. Another method for avoiding proximity effect (GHOST) has the advance
of not demanding calculations of any kind [58]. A Ghost exposure consists of three
important steps:
1. A first exposure of the chosen pattern gives rise to an energy distribution profile
in the resist (Figure 2.13 (1)). The areas under the black marked lines correspond
to the not exposed regions while the white is the area experiencing exposure.
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2. A second exposure, reverse to the previous one, is carried out with a reduced dose
and a considerably higher spot size. This is the so called GHOST exposure (Figure
2.13 (2)).
3. The total exposure deriving by the combination of the two exposures (Figure 2.13
(3)).
The adoption of GHOST is a rarely embraced technique. In the best cases it can provide
excellent linewidth control but it implicates a bigger resist loss (the areas that generally are
not exposed collect some exposure), a long writing time and data collection, and a slight
loss in minimum resolution compared to dose variation (it does not offer an appropriate
adjustment for forward scattering )[59].

Figure 2.13. Schematic representation of GHOST exposure [58]

2.3.6 Resist
The resist is the key element for the transfer of the image on the sample. The physics and
chemistry of the resist must be known if we want to achieve as perfect as possible
performances. The resist are characterized by four features:

1. The tone defines which regions of the resist will dissolve during development. A
positive tone refers to resists that dissolve after being exposed. In contrast, negative
resists do not dissolve after irradiation (Fig. 2.14).
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2. The sensitivity gives information about the minimum dose that must be selected in
order to dissolve the resist during development.

3. Resolutions describes the minimum space between two patterns that can be
obtained

4. Contrast (γ) defines the dependency of the resist thickness on the dose and can be
expressed as
γ=

1
𝐷 −1
=
[log
]
(log 𝐷 − log 𝐷0 )
𝐷0

(2.9)

where, D is the dose necessary for complete dissolution of the resist thickness
under development, while D0 is the dose which does not provoke dissolution.

5. Etch resistance labels the ability of the resist to maintain its integrity under
chemical and physical etching processes.
A further distinction can be made in terms of composition between organic and inorganic
resists. Organic resists are chemically altered by both the original beam electrons and
secondary electrons. Inorganic resists experience modifications due only to the primary
electrons of the beam [60-63].

Figure 2.14. Schematic representation of positive and negative resists behaviors
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Chapter 3

Characterization Techniques
3.1 Spectroscopic Techniques
The spectroscopic and optical techniques are performed through the reaction of
electromagnetic radiations with the matter of interest and the collection of the sample
response to such perturbation [64]. The analysis of the collected signals characteristics
provide important information about the energy levels of the atoms and the molecules
constituting the sample [65]. Spectroscopy is thus a powerful and advantageous
investigation tool designed to facilitate the comprehension of the atomic and molecular
structure of materials. Electromagnetic waves are characterized by a wavelength (λ), which
can be in the order of a few angstrom (X-ray) or thousands of meters (radio waves), and a
frequency (ν) ( measured in Hz = s-1) which is inverse to the wavelength and quantify the
number of oscillations completed by the wave in one second. The following equation
relates these two significant parameters to the speed of light (c = 3 x 10-8 ms-1) at which all
electromagnetic waves travel in the vacuum [66].
c=

λ
ν

(3.1)

Each electromagnetic wave is characterized by both an electric and magnetic field
orthogonal to each other and to the direction of the wave propagation as well (Fig. 3.1).

Figure 3.1. Components of an electromagnetic wave
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Spectroscopy is the primary experimental method for the determination of the frequencies
of vibration of the molecules. The most widely adopted spectroscopic techniques are:
 FT-IR spectroscopy
This instrumental technique is based on the classical infrared spectroscopy [67]. In
particular, the incident infrared radiation is absorbed by the compound of interest which
leads to the vibration of the chemical bonds. The absorption of IR radiation causes the
transition of molecules from lower energy vibrational levels to higher ones. Therefore,
infrared spectroscopy allows the detection of the functional groups constituting the
molecules simply by investigating the vibrations of the chemical bonds in the groups. The
advantage of the FT-IR spectrometry lies on the possibility of collecting simultaneously in
the detector all the wavelengths of the spectrum avoiding the scansion of each single
wavelength. This is possible through the use of an interferometer that turns the
polychromatic infrared radiation (emitted by the source) into an interferogram, where the
absorption is no longer function of the frequency but of the time (from the frequency
domain to the time domain) [68,69]. The monochromator characterizing the other
traditional spectrophotometers is substituted by the Michelson interferometer which
produces the interferogram of the sample. Consequently, the interferogram is converted by
a computer in a traditional infrared spectrum using a mathematical operation, the so-called
Fourier transform. In this way, it is possible to switch from a graph in space or time domain
(interferogram) to a common spectrum where the variation of the signal intensity is
expressed as a function of the radiation wave number (or wavelength).
 Raman spectroscopy
This spectroscopic technique (largely treated in the following paragraphs) relies on the fact
that the vibrations occurring within the molecules inelastically diffuse the incident light
depending on the characteristic frequencies of vibration allowing us to obtain information
on the molecular structure of the sample under examination [70,71]. Since each molecule
has a characteristic frequency of vibration, the spectroscopic properties can be served as a
criterion for molecular recognition and characterization [72]. In the study of biological
molecules with complex structures a special type of Raman spectroscopy (Resonance
Raman spectroscopy (RR)) is often used. A resonant scattering of photons (phenomenon
45

at the base of RR spectroscopy) occurs when the photons incident on the sample has a
wavelength located in correspondence of a band of absorption generated by an electronic
transition. In this way, a selective enhancement of the intensity of the Raman signal is
achieved [73]. Although Raman and IR spectroscopies are substantially complementary
techniques, there are some vibrational modes detectable by Raman but inactive for FT-IR
and vice versa. The great advantage of Raman spectroscopy with respect to IR absorption
spectroscopy is the possibility of obtaining vibrational spectra even when the sample is
diluted in aqueous solution. The IR analysis for the samples in aqueous solution is difficult
because of the strong absorption of water molecules in various regions of the IR spectrum
(in particular in the region between 2900-3700 cm-1 characterized by modes of stretching
of OH bond and in the area around 1650 cm-1 predominantly characterized by the bending
modes of the same bond). Raman spectroscopy can also detect some characteristic
vibrational modes of organic molecules that are weak in IR absorption (i.e. stretching of
C-C bonds and unsaturated bonds). All these features make Raman spectroscopy
particularly suitable for the analysis of biological molecules of complex molecular
structure (such as proteins). Moreover, other advantages such as the requirement of only a
small amount of substance (which can be recovered if necessary) and a rapid execution of
the process and data treatment make this spectroscopic method more advantageous than all
the others analytical methods.
 X-ray diffraction (XRD)
X-ray diffraction (XRD) was discovered by Max von Laue in 1912. It is based on Bragg
law which relates the intensity of the radiation diffracted from a sample to the corner that
the incident radiation form with the perpendicular to the sample surface [74]. The analysis
of the interference between an elastic monochromatic X-radiation and the lattice of the
sample atoms leads to the determination of the atomic structure, atomic distribution and
distances between the atomic planes. It is thus easy to identify substances because these
properties are unique and characteristic for each single compound. The range of application
of X-ray diffraction is vast spanning from simple recognition of crystalline substances to
the analysis of pollutants, analysis of drugs and biological compounds [75-77].
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 Nuclear magnetic resonance
The nuclear magnetic resonance (NMR) is a fundamental chemical-physical technique for
the study and identification of the molecules [78]. A NMR spectrum of a compound
provides information about the nature of the atoms, their chemical environment and their
quantitative ratio. In many cases, it is possible to find out the conformation of very complex
molecules by means of more complex experiments. All the nuclei possessing a spin can be
studied by NMR [79]. The isotopes of the two most common elements in organic
compounds 1H and

13

C have a spin and appear in the NMR spectrum, while the most

common isotope of carbon 12C does not appear in the NMR spectrum because it does not
have a nuclear spin. When hydrogen nuclei are placed in a magnetic field, the nuclear spins
align themselves either with the applied magnetic field (the lowest energy state) or against
it (state of higher energy). When the nuclei in the lowest energy state are irradiated with a
radio frequency, the energy is absorbed and the nucleus "jumps" from the a state with spin
aligned to the magnetic field to a state with spin opposite to the applied magnetic field. The
term "resonance", in this context, refers to the absorption of the electromagnetic radiation
by the nuclei in rotation that jumps between states of different nuclear spin. An instrument
for nuclear magnetic resonance measurements records this absorption as a resonance
signal. The energy states are quantized and separated by relatively small energies. The
separation between levels depends on the external applied magnetic field that orients the
nuclear spins. In practice, transitions between nuclear spin states are obtained using radio
frequencies between 2 and 300 MHz. The variation of the radio frequency and the magnetic
field cause the resonance of the cores and the absorbance of the radio frequency.

3.2 Raman Spectroscopy
In the present work Raman spectroscopy was employed to test the efficiency of the
substrates and therefore more details will be given about this technique. Atoms can be
described by three degrees of freedom. Therefore, a polyatomic molecule with N number
of atoms has 3N degrees of freedom.

47



The translational degrees of freedom (3) describe the position of the molecule
center of mass



The internal degrees of freedom (3N-3) describe the movements inside the
molecules when the center of mass remains unaltered. These can be in turn divided
into rotational (3) and vibrational. The firsts define the rotations of the atoms
around the three axis. The seconds describe the vibrations of the N atoms and can
be equal to 3N-5 (for linear molecules such as CO2) or 3N-6 (for non-linear
molecules such as H2O). The vibrational degrees of freedom can be, in turn dived
in :
1. Stretching of the bonds along the bond axis.
a. Symmetric stretching sees no changes in the barycenter between two bonds
b. Asymmetrical stretching involves an increase or decrease of the
interatomic distance.
2. Bending of the bonds induce modifications in the bond angle
a. Rocking and Scissoring occur on the molecule plane and the two bonds
move in phase (Rocking) or out of phase (Scissoring).
b. Wagging and twisting occur out of the molecule plane in phase (Wagging)
and out of phase (twisting).

Each vibration occurs at a specific frequency and when molecules are exposed to radiations
with frequencies similar to the vibrational frequencies, they absorb energy and the bonds
are stretched or bended. Raman spectroscopy is a fast, non-invasive and non-destructive
analytical technique based on the interaction of electromagnetic radiations with matter. It
requires a minimum amount of analytes and allows the analysis of both organic and
inorganic compounds. The key concept is ability of the incident photons to lose or gain
energy after collision with the sample. In 1928, the Indian physicist Sir C.V. Raman (Nobel
Prize in 1930) described for the first time the phenomenon of inelastic scattering of photons
known as Raman Effect.

3.2.1 Basic Theory
A typical Raman experiment involves the irradiation of a sample with a beam of
monochromatic light and the detection of the scattered radiation at an angle orthogonal to
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the direction of the incident beam. The scattering of a photon by a molecular target may
occur in two ways:
• Elastic scattering: the energy of the scattered photon is equal to the energy of the incident
photon (Rayleigh scattering);
• Inelastic Scattering: the scattered photon loses (Stokes Raman Scattering) or gains
energy (Anti-Stokes Raman Scattering).
The phenomenon of inelastic scattering can be described in terms of exchange of energy
between the incident photon and the analyzed molecule [80,81].
The energy of a photon (E) can be expressed as
𝐸 = ℎ𝑣

(3.2)

where, v is the frequency of the incident radiation and h is the Plank constant (6.626x10-34
m2kg/s). The schematic rappresentaion (Fig. 3.2) assigns an energy (hνi) to the incident
photon and different energy (hν) to the scattered photon. The letters n and v refer to the
energetical and vibrational leves (n =0 and v =0 are the ground states). ΔE is the energy
difference that the photon can lose or gain during scattering. A photon with energy hνi
excites a molecul from the ground state to (v=0) to the a virtual energetic level [82,83].

Figure 3.2. Schematic representation of elastic and inelastic scattering
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Rayleigh scattering (elastic)
The molecule during de-extitaion falls back to the ground state and emits a photon with the
same frequency of the incident photon (hν = hνi).

Raman Stokes ( inelastic scattering)
The molecule during de-extitaion falls to an excited vibrational level (v = 1) and emits a
photon with an energy lower than the incident photon. The energy of the scattered photon
will be thus hν = hνi- ΔE.
Raman Anti-Stokes (inelastic scattering)
In this particular case the molecule is originally on the vibrational state (v = 1) and it is
excited to the virtual state by the incident phtonot. During de-exitation the molecule falls
back to the ground state (v = 0) emitting a photon with energy higher than the incident
light (hν = hνi+ ΔE).
In standard conditions, Stokes lines are more intense than Anti-stokes lines in the spectra
because the lower vibrational states are populated by folliwing the Boltzman distribution.
The ratio between the popolulations N1 and N0 can be expressed as
−∆𝐸
𝑁1
= 𝑒 𝑘𝑇
𝑁0

(3.3)

where N1 and N0 represent the population density in the vibrational levels v=1 and v=0
respectively, ΔE is the energy gap between the two levels, T the temperature and k the
Boltzman constant. At room temperature the population density N1 can be neglected with
respect to N0 and this justifies the higher intensity of the Stokes lines. Moreover, the lines
deriving from the elastic scattering have to be removed because they are far more intense
than Raman lines.

3.2.2 Mathematical Description
The incident radiation induces a dipole in the molecule. Therefore, the induced dipole
moment 𝜇 (t) is given by
𝜇(𝑡) = 𝛼 ∙ 𝐸(𝑡)

(3.4)
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where, 𝛼 is the molecular polarizability and E(t) the electric field of the incident radidation.
If the molecule has its own internal vibration, the polarizability can be given as
𝛼 = 𝛼0 + 𝛼𝑘 sin(2𝜋ν𝑣𝑖𝑏 t)

(3.5)

where α0 is the polarizability at the equilibrium and αk the polarizability rate with respect
to normal coordinates. E is the electric field at the time t and it can also been written as
𝐸(𝑡) = 𝐸0 sin(2𝜋νt)

(3.6)

By the substituting (3.5) and (3.6) in (3.4)
𝜇(𝑡) = 𝐸0 sin(2𝜋νt)[𝛼0 + 𝛼𝑘 sin(2𝜋ν𝑣𝑖𝑏 t)]
= 𝐸0 𝛼0 sin(2𝜋νt) + 𝐸0 𝛼𝑘 sin(2𝜋νt) sin(2𝜋ν𝑣𝑖𝑏 t)
and rearranging the equation according to the relation
𝟐 𝐬𝐢𝐧 𝑨 𝐬𝐢𝐧 𝑩 = 𝐜𝐨𝐬(𝑨 − 𝑩) − 𝐜𝐨𝐬(𝑨 + 𝑩)

the complete equation for the dipole has the following form
𝜇(𝑡) = ⏟
𝛼0 𝐸0 sin(2𝜋νt) +
𝑹𝒂𝒚𝒍𝒆𝒊𝒈𝒉

𝐸0 𝛼𝑘
𝐸0 𝛼𝑘
cos 2𝜋(ν − ν𝑣𝑖𝑏 )𝑡 −
cos 2𝜋(ν + ν𝑣𝑖𝑏 )𝑡
⏟2
⏟2
𝐒𝐭𝐨𝐤𝐞𝐬

(3.7)

𝑨𝒏𝒕𝒊−𝑺𝒕𝒐𝒌𝒆𝒔

The first term refers to Rayleigh scattering while the second and the third terms denote
respectively the Stokes and Anti-Stokes lines. The dipole oscillates with frequencies ν, (ν
– νvib) and (ν + νvib). The Raman intensity (IRaman) is strongly dependent on the number of
particles of the sample (n), the scattering crossection (σ) and the laser power (P). The
frequancy of the Raman shift 𝜈 can be calculated knowing the force constan (𝑘) and
reduced mass (𝜇).

ν =

1 𝑘
√ 𝑐𝑚−1
2𝜋𝑐 𝜇

(3.8)
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3.2.3 Instrumentation
The Raman spectrometer used in the current work is a Renishaw inVia Raman microscope
(Fig. 3.3). The ray diagram of the spectrometer is shown in (Fig. 3.4).
The components of the instrument are:


The system is equipped with an Ar+ laser (457, 488, 514 nm), He-Ne laser (633 nm)
and a semiconductor diode laser (830 nm). A neutral density filter is available to
reduce the laser power (50%, 10%, 5% etc.) avoiding the damage of the sample.



An optical setup to direct the laser twoards the sample and to collect the Raman
signal



Holographic notch filters to seprate the elastic scattered components (Rayleigh)
from the Raman signal. Specifically, the notch filter reduces the amplitude of the
radiations with wavelengths close to the laser line and trasmits all the other
wavelength lines.



A confocal microscope sets the amplitude of the resolution field and remove or
reduce the contribution of the focal plane which is responsible of image
deteriorations.



A spectrograph with a focal lenght of 250 mm. It is equipped with three gratings
(1200 lines/mm, 1800 lines/mm, 2400 lines/mm)

that disperse different

frequencies of the Raman signal. The grating can be selected through the software
WiRE 2.0 (SP8).


A silicon CCD detector composed of sevral arrays of “buckets”, converts the light
into electric chrages. The electric current is generated by the interaction between
light and silicon atoms. The CCD uses a thermoelectric cooling system that keeps
the temperature seto to -70 °C without the aid of liquid nitrogen.
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Figure 3.3. Rainshaw inVia MicroRaman

Figure 3.4. Ray diagram of the spectrometer
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3.2.4 Surface Enhanced Raman Scattering (SERS)
In the last few years the fabrication of chemical and biological nanosensors has drawn the
attention of the scientific world. The interaction between the surface of biological materials
and the devices is crucial for a good performance of the substrates. SERS effect was
discovered by Fleischmann et al. in 1974. They collected an intense Raman signal from
pyridine molecules deposited on a silver electrode [84]. Successively, Van Duyne,
Albrecht, Creighton et al. argued independently that the increase in the intensity of Raman
signals (millions of times higher than the theoretical expectations) could not be explained
on the basis of an increase in the concentration of the molecules of pyridine on the
electrode. They attributed the phenomenon of enhancement to the particular condition of
adsorption of pyridine molecules on the metal surface of the electrode [85,86]. Subsequent
studies reproduced and optimized experimentally the conditions for the SERS effect. A
large number of molecules were deposited on the surface of different metals with very
interesting results. Emory and Nie adsorbed molecules of Rhodamine on silver colloids
and recorded an intensity of the Raman signal 1014 - 1015 times higher than the signal
intensity collected from the same molecules in solution at the same concentration [87] (Fig.
3.5).

Figure 3.5. Surface enhanced Raman signal of Rhodamine 6G from a silver nanoparticle [87]

54

SERS (Surface-enhanced Raman spectroscopy) is a very useful and extremely sensitive
technique for studying the interconnections between organic and inorganic materials
allowing the investigation of the interface in hybrid electric devices and sensors. This
spectroscopy involves the deposition and immobilization of molecular species on
nanostructured metal substrates in order to increase the Raman signal by many orders of
magnitude which otherwhise would be too weak to be observed by conventional Raman
spectroscopy [88]. The main feature of this method is therfore a high sensitivity combined
with the ability of conventional Raman spectroscopy to provide structural information.
Raman spectroscopy shows indeed a weak sensitivity in the detection of analytes at very
low concentrations (characteristic feature of other spectroscopic techniques such as
fluorescence spectroscopy). This limitation derives from the fact that the intensity of the
Raman signal (IConventionalRS) is proportional to the intensity of the excitation laser (ILaser), to
the molecule cross section (σRaman) and to the number of the sample molecules (N) (Fig
3.6).

Figure 3.6. Conventional Raman scattering [89]

The typical Raman scattering cross-section has a range between 10-30 and 10-35
cm2/molecules. It is evident that with such a small cross-section the only way to collect an
intense Raman signal is to increase the number of molecules. In the case of SERS two
separate mechnanims are responsible for the collection of an high intensity Raman signal.
 The Electromagnetic enhancement involves two subprocesses (Fig. 3.7): 1) The
field associated to the incident laser is enhanced thanks to the plasmon polaritons
on the surface of the metal nanoparticles (E(νL)); 2) The field associated to the
beam scattered by the sample (E(νS)) is also enhanced through the same process .
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The intensity of the Raman signal is therefore enhanced by a factor of A2 in each
process.
𝐼𝑆𝐸𝑅𝑆 = I𝐿𝑎𝑠𝑒𝑟 ∙ 𝑁 ∙ 𝜎 𝑅 𝑎𝑑𝑠 ∙ (𝐴(𝜈𝐿 ))2 ∙ (𝐴(𝜈𝑆 ))2

(3.9)

Figure 3.7. Schematic representation of surface enhanced Raman scattering [89]

Metal nanoparticles work as “nanoscopic antennas” by amplyfing the incident and the
scattered beam. The metals employed in the fabrication of SERS-active substrates, such
as gold, silver and copper, can be irradiated with wavelengths in the visible range
(commonly used in Raman spectroscopy) and produce an higher excitation of surface
plasmons compared to other metals [89]. Theories based on the electromagnetic
mechanism estimated for isolated particles of gold and silver an enhancement of 106107 and allowed the calculation of particular disposions (i.e pairs of nanoparticles or
aggregates in which the analyte is adsorbed) providing an enhancement one order of
magnitude larger than the one obtained from the isolated particles.
 The Chemical enhancement
The chemical enhancement derives from the interface between the substrates where
the nanoparticles are absorbed and the nanoparticle themselves. When a molecule
is adsorbed on a metal surface, mechanisms of transfer of charges coupled with
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electronic transitions between orbitals of the molecules and the electronic levels of
the metal (or vice versa) can occur. The chemical enhancement can be thought in
terms of an increase in the cross section of the analyte molecules adsorbed on the
metal (σRads.) swith respect to the cross section that the molecule possess when
they are not bound to a SERS-active substrate (σRaman). This particular phenomena
increases the intensity in the Raman Singal of one or two order of magnitude.
Although these two mechanisms are at the base of suraface enhanced Raman scattering,
several factors play an important role affecting this phenomenon. The intensity of the
electric field associated to the incident beam is strongly dependent on the roughness of the
nanoparticles. In particular, the higher the heterogenity of the nanoparticles urface the
higher the electromagnetic enhancement will be. The SERS-active substrates are usually
metal surfaces that have a roughness originated by the presence of metallic nanostructures
with size generally ranging from 10-100 nm [90]. The most common SERS-active
substrates are undoubtedly colloidal nanoparticles of gold and silver that can be isolated or
combined into aggregates of larger size. The enhancement of electromagnetic nature at the
surface of the aggregates does not depend on the geometry of the individual colloidal
particles but on the excitation of surface plasmons of the entire cluster. This excitation is
not uniform over the entire surface of the aggregate. There are areas where the
enhancement is not obtained for the molecules adsorbed and there are the so-called "hot
spots" (hot spots) where a significant enhancement of elettromagnetic nature has been
theorized by various authors [91] [92]. Furthermore when aggregates are used as SERSactive substrates, aggregation phenomena take place and there is a higher probability to
find hotsposts. Specifically, two spehrical nanoparticles approaching each other at a
distance less than 5nm will cause an amplification of the local electric field several orders
of magnitude higher with respect to isolated nanoparticles. The enhancement of the electric
field derives from the constructive interference between the surface plasmon resonances of
the two particles. The interparticle region (where the enanchement practically occurs) is
the so-called hot spot (Fig. 3.8). However, recent studies have shown that the size of the
nanoparticles forming the hot spots have a certain influence on the SERS enhancement
factor which is especially magnified when the two nanoparticles have very similar
dimensions. The larger the inter-particle distance, the lower the SERS effect will be.
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Sensors for the DNA sequencies detection have been realized by using SERS-active
substrates. Probe molecules have been synthetized by means of gold nanoparticles
functionalized with oligonucleotides and specific markers that give rise to characteristic
Raman spectra (fingerprint). The presence of several markers, each with a specific
fingerprint, allows the detection of multiple oligonucleotide molecules. The methodology
used is called “three-component sandwich assay" [93]. Specifically, active silicon
substrates capture the target molecules of oligonucleotides through specific chemical bonds
(i.e. oligonucleotides containing an amino group or a carboxylic acid) (first layer). A
complementary chain of oligonucleotides, (for example viral DNA) will bond to the target
molecules forming a hybrid on the activated surface. Gold nanoparticlesparticles
functionalized with oligonucleotides complementary to another region of the native DNA
and stained with silver (third layer) will work as probe molecules to obtain an enhanced
singal from

the hybrid during the SERS measurements. Surface enhanced Ramsn

spectroscopy can also be employed to study the processes occurring inside the cells. Gold
nanoparticles can be optimal vectors because their characteristic size enables their
absorption thourgh cellular membranes [94]. An important health disease of the last
centuries is the rising occurrence of diabetes mellitus in which the body either cannot
independently ensure the generation of insulin or develop a resistance to insulin itself. The
amount of glucose in the blood of people affected by diabetes must be checked several
times during the day. Van Duyne et al. used SERS-active substrates to develop glucose
sensors that permits instantaneous measurements of glucose reserves in the blood [95].

Figure 3.8. Simulation of electric field distribution around a hot-spot constituted by two gold nanoparticles [92]
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3.3 Scanning Electron Microscopy
In scanning electron microscopy (SEM) the sample is usually scanned with a focused
electron beam and produces secondary electrons which are collected by the instrument and
converted in electrical impulses. The elaboration of these signals gives important structural
and morphological information about the sample. The principles governing SEM were
originally formulated in 1929 by H.Stitzing. Nova NanoLab scanning electron microscope
was used in this work (Fig 3.9). In the process of investigation

Figure 3.9. Nova NanoLab scanning electron microscope
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Chapter 4

A Growth Model for Colloidal Particles: A
Bottom-up Approach
The main purpose of the study is the realization of high resolution bio-photonic devices
capable of detecting and analyzing singles or a few molecules of biological interest. The
photonic structures were nanofabricated on silicon (Si) wafers using EBL and electroless
deposition of metals. The combination of these two techniques has led to the production of
metallic structures (dimers) responsible for a substantial increase in the Raman signal and
characterized by a good reproducibility. The nanostructures both control the diffusion of
the metal particles on the surface and produce an increase of the plasmonic effect. This
double function derives from the innovation of combining nanofabrication techniques with
spectroscopic and nano-optical techniques such as micro-Raman SERS (Surface-Enhanced
Raman Scattering), SPR (Surface Plasmon Resonance), etc. for measuring the optical
responses of the devices in the presence of biomolecules. The substrates, obtained with the
deposition of silver and gold, show a different behavior in terms of SERS effect. The
differences depend upon the nanoparticles shape and size and the deposition time. All these
features allow the devices to detect and identify highly diluted biomolecules that would be
otherwise "invisible" to other analytical techniques. The theory of crystal growth in
solution describes the formation of a crystal in terms of a sequence of two ideal stages
called nucleation and growth. The nucleation is usually responsible for a phase transition.
When the concentration of precursors in a solution is above a certain critical threshold
value, the system becomes unstable and the reagents tend to generate nuclei. The crystals
typically tend to increase in size during the early stages of growth due to the high
concentration of the monomers. In a supersaturated solution the nuclei grow at the expenses
of the monomeric species present in the environment under the influence of a number of
parameters such as the surface energy, the concentration of reagents in solution and the
size of the crystals. The precursor concentration decreases over time and the contribution
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of the surface energy becomes dominant. In these conditions, small crystals tend to dissolve
making space to the growth of bigger particles [96]. The deposition of metals can be
classified into two types of nucleation. The first one depends upon the type of pretreatment
of the silicon wafer and refers to the group of platinum elements including Platinum (Pt),
Rhodium (Rh) and Palladium (Pd) characterized by a low particle density. The group of
elements of copper (which includes Copper (Cu), Silver (Ag) and Gold (Au)) shows a high
density of particles compared to the first group and it is independent from the type of
pretreatment (Fig. 4.1) [97].

Figure 4.1. Comparison of the densities of metal nanoparticles in relation to their
deposition on Silicon through four different methods [97]

Figure 4.2. SEM images of Si substrates after the immersion in different metallic
solutions [97]
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The size of the particles increases in relation to their density which varies according to the
type of metal (Fig. 4.2). In addition, defects on silicon wafers, such as the nano-indentation,
influence the behavior of the nucleation of the metal nanoparticles. The experiments for
the nanofabrication of the substrates were carried out referring to a particular two
dimensional diffusion aggregation model previously treated by Di Fabrizio et al. [98]. The
simplified model describes how silver nanoparticles arbitrarily deposit and hold together
inside the patterns constituting the desired structures. The aggregation of the nanoparticles
is strongly determined by the size of the pattern realized through the lithographic process.
Electroless deposition is the bottom-up mechanism inducing the aggregation. The bottomup techniques relieve on the self-assembly of small components of atomic dimensions
(guided by physical principles or external driving forces) to give rise to large and more
organized systems. Particularly, electroless is based on the auto-catalytic reduction of a
metal salt (M+) at interface with a substrate (S). The metal ions are reduced by accepting
electrons from a reducing agent (R) which works simply as an electron donor. The catalyst
(which is typically the substrate of the system) is the one that accelerates the chemical
reaction inducing the oxidation of the reducing agent. The transfer of electrons is easier if
both the metal ions and the reducing agent are absorbed on the catalyst surface. In this
particular case the metal nanoparticles are deposited on a silicon substrate that works both
as catalyst and reducing agent (R) (Fig. 4.3).

Figure 4.3. Mechanism of electroless deposition
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The probability of aggregation after collision has been set to 1 providing an easier
resolution of the calculations. The deposition phenomenon is depicted in reference to two
directions. One direction is orthogonal to the silicon wafer while the other one is parallel.
However, it is important to state the real process occurs in three dimensions. All the
following hypothesis are correct only when the reduction of the metal occurs in a very short
time and the time of diffusion is greater than the time of reduction (t

diffusion

>t

reduction).

The dislocation of the metal nanoparticles and their pathway is always random and
therefore we can define them as if they were subjected to a Brownian motion (Fig 4.4).

Figure 4.4. Brownian motion

At particularly small values of time the path travelled by the nanoparticles is directly
proportional to the time and can be expressed as
∆𝑠 = 𝑣𝑡

(4.1)

where, t is the period of time existing before two particles collide;
v is the velocity solely determined by the energy of the system;
Moreover, the motion of the particles can be properly finest defined by means of a Gaussian
density function with the origin in the center of the travelled path. In this way we can
consider the initial position of the particle as its most plausible position after an enough
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number of periods. The effective distance covered by the particles can be expressed as a
function of both the directions of motion x and y, the time (t) the diffusion coefficient (D).
𝑑 = 𝑥 2 + 𝑦 2 = 4𝐷𝑡

(4.2)

The Stokes-Einstein equation is useful to express D as
𝐷=

𝑘𝑏 𝑇
6𝜋𝜂𝑟

(4.3)

where kb is the Boltzman constant, T the absolute temperature, η the viscosity and r the
radius of the particle. This equation can be applied to a particle with mass m moving in a
viscous fluid with a velocity v without encountering structural defects. The metal ions in
the solution are simply subjected to a diffusion mechanism and can be compared to the
large number of particles constituting a gas. Therefore, if we explicit the velocity by using
the kinetic theory of gases
(4.4)
v = (𝑘𝐵 ×

T 2
)
m

The diffusion coefficient will be
(𝑣𝑡)2 𝑘𝐵 𝑇
∆𝑥 2
𝐷=
=
=
2𝑡
2𝑡
2𝑚

(4.5)

The hypothesis related to diffusion are correct if we assume that:

1) The mixture is composed of extremely little particles and therefore the sum of the
volume of the individual ions can be neglected with respect to the overall volume
of solution. In other words, the size of the ions is small compared to the mean
distance between them.
2) The values of the masses are similar for all the particles.
3) A statistical approach can be used due to the high number of ions present in the
solution.
4) The ions move steady, aleatory and rapidly.
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5) The only interaction that has to be considered is the collision between the ions. This
means that the ions are taken as classical bodies and the equations describing their
movements are time-reversible [99].
If a high number of ions (N) is found at t = 0 at a distance d from the hole patterned in the
resist, the average path travelled by the particles after each reiteration is one lattice unit Δx
= 1 (l unit). The lattice unit is the minimum displacement at which the particles can be
subjected on the lattice. The borders of the holes in the resist represent the periodic
boundary conditions (PBC) and when a single particle encounters one of them suddenly
bounces back on the opposed face maintaining the same velocity and the same position on
the y direction. Furthermore, the particles hitting the superior limit are thrown back down.
The arrangement of the agglomerate Χ (t) can be defined in relation to the portion of silicon
substrate in contact with the ions Ω. Indeed, in the early phase of diffusion, Χ is the same
of Ω (Χ (0) = Ω). When a particle travels and hit Ω, it is blocked by Ω and the dimension
of the agglomerate increases by one unit. At the same time another ion is suddenly released
and after a certain number of times an agglomerate is created (Fig 4.5). The model has
been developed depending on two mechanisms that halt the diffusion:

I. In the first method the time of deposition is kept constant while the dimensions of the
pattern are changed.

II. In the second method the dimensions of the pattern are steady while the time of
deposition is changed.
The fractional dimension (Df) can be used to describe the topographical structure of the
system and in particular the average size of the agglomerate (S) simply knowing the
number of particles in the cluster (n) [100].
𝑆~𝑛

𝐷𝑓
(𝐷𝑓 −1)

(4.6)
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Figure 4.5. Illustrative mechanism of deposition of the nanoparticles inside the
lithographic pattern

4.1 The Influence of Temperature and Aggregation
Time
The model investigates the impact of the temperature and time on the growth of the cluster.
Silver nanoparticles were depositede in a circular pattern (radius of 5μm) at different
values

of

time

and

temperature.

Table 4 Values of time and temperature in the experiments of deposition [98]
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The effects on the size and distribution of the nanoparticles were observed on the
aggregates obtained in the different experiments (Fig. 4.6 (a),(b)).

Figure 4.6. (a) SEM images of the clusters after 5s and 20 s of deposition [98]

Figure 4.6. (b) SEM images of the clusters after 50s, 120s and 6000s of deposition [98]

For each experiment it is clearly noticeable that the nanoparticles grew bigger in size at
temperature T2 while showing a minor average size at temperature T1. However, this
dissimilarity is less evident as time increases. After 6000 seconds of growth the
nanoparticles saturate the pattern and expand over the borders of the resist. In this case, the
theory of DLA does not hold true and the size of the agglomerate cannot be longer
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predicted. Therefore, the quantity and dimension of the nanoparticles agglomerates vary
depending on the temperature. At 20 °C (T1) the number of particles considerably
increased after 20 seconds reaching a value of 200 (with an average particle size of 40 nm)
but it sharply dropped remaining almost steady over the intervals. Inversely at 50 °C the
amount of nanoparticles agglomerates goes down gradually with time while the dimension
increases (Fig 4.7). Therefore, at the early time of deposition the pattern is expected to be
filled by many nanoparticles with a small size. This situation evolves during time. The
higher the nanoparticles size, the higher the probability of interaction between the particles
will be, leading to the development of bigger agglomerates. This can be simply elucidated
taking in mind that the energy of the system is low for low values of temperature and hence
the nanoparticles are less likely to interact.

Figure 4.7. Number of particles (#) versus the particle size at T1 = 20 °C and T2 = 50°C [98]

4.2. The Influence of Pattern Dimensions
The average aggregate size and the diameter of the circular pattern in the resist are two
important parameters influencing the conformation of the aggregate. This means that the
size of the effective zone of deposition guides the development of the clusters particularly
at the nanoscale. Several experiments were accomplished to demonstrate this theory. The
growth of silver nanoparticles was carried out inside circular patterns with size spanning
from 10 nm to 5000 nm, at 20 °C and 50 °C.
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The resulting clusters were then examined by Scanning Electron Microscopy (Fig. 4.8).
An important parameter was defined to describe the compactivity of the aggregates:
𝑠
(4.7)
𝜕=
𝑑
where, s is the size of the cluster and d the diameter of the pattern.
 If δ < 1, the system will be characterized by discontinuity and the aggregates will
be not correctly packed within the patterns.
 If δ > 1, the patterns will be homogenously filled by the agglomerates of
nanoparticles. Precisely, the aggregates dimensions will be larger than the patterns
diameters (Fig. 4.9).

Figure 4.8. SEM images of the patterns realized in the experiments [98]
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The estimation of δ in this case is only possible by measuring the diameters of the patterns
immediately after the lithographic process and after the electroless growth.

Figure 4.9. Experiments in the case δ > 1 showed that the size of the clusters is always larger than the diameters
of the patterns (30 nm, 40 nm, 50 nm) [98]
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The values of δ are extremely important to classify three important regimes in the system
that describe the behavior of deposition depending on the temperature and the diameter of
the patterns (Fig. 4.10). Each regime is characterized by a particular behavior of the
compactivity (δ).
1. Linear
When the diameter of the pattern (d) is between 0 and 50 nm it is possible to
recognize a linear variation of the compactivity (δ) with respect to d. In this case
the clusters resemble spheres in terms of conformation.
2. Intermediate
In this circumstance the previously observed linearity disappears even if δ assumes
values still greater than one.
3. Diffusive
δ becomes smaller than one and it remains constant as the diameter increases.

Figure 4.10. Compactivity (δ) versus diameter of the pattern (d) at 50 °C and 20 °C [98]
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The three regimes occurs both at 20 °C and 50 °C. However, the kinetics of the reactions
in the electroless growth are accelerated at higher temperatures and hence a major increase
of the compactivity (δ) is noticeable at 50 °C. In regular conditions, one would suppose
that the size of the agglomerates increases as the diameter of the circular pattern increases.
This does not take place because the size of the patterns in the wafers are analogous to the
size of the nanoparticles.

4.3 An Estimation of the Enhancement Produced by
Dimers
Finite Difference Time Domain simulations allowed the evaluation the enhancement in the
electromagnetic field produced by two silver dimers with diameters of 55 nm and a gap of
5 nm. In spectroscopy the samples are usually analyzed by using a single-wavelength. In
the simulation a broadband plane wave (with wavelengths spanning from 30 to 600 nm)
was produced in z direction with polarization along the x direction to find the ideal
wavelength of enhancement. The highest enhancement was recorded for a wavelength of
320 nanometers (103) times.

Figure 4.11. Maximum estimated enhancement of the electromagnetic field produced by a couple of
silver dimers [98]
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The mechanisms at the base of deposition and aggregation of metal nanoparticles are
crucial in optical devices especially when the geometry of the system highly affects the
electromagnetic field such as in the case Surface Enhanced Raman Spectroscopy. A
molecule deposited on the substrates (obtained with metal nanoparticles aggregates)
experiences an enhanced field and the Raman signal is consequently amplified. The basic
instructions for fabrication of SERS substrates are essentially two:
(i)

The length scale of fabrication must be in a ration 1:10 with the electromagnetic
λ

wavelength 10 ;
(ii)

The gap between the nanostructures has to be fabricates on a length scale in a
λ

ratio 1:100 with the wavelength100.
Moreover, substrates fabricated with ordered geometries provide a better optical response
with respect to the other surfaces.

73

Chapter 5

Experiments, Results and Discussion
5.1 Fabrication of the Substrates
Several methods have been developed for the deposition of metal nanoparticles on a
substrate. In this work nanostructured dimers were fabricated by combining two methods.
EBL allowed the transfer of the patterns on the silicon wafers. Electroless deposition led
to the filling of the patterns with gold and silver nanoparticles. The patterns are matrices (4
X 15) composed of pairs of circles with the circles in each pair placed at a certain distance
(gap) from one another. From the assumptions of the DLA model we expected that under
particular conditions of deposition, the metal nanospheres would have grown exceeding
the dimensions of the lithographic pattern. Therefore, several experiments were carried out
with the aim of achieving dimers with a diameter of 40 nm and gap of 10 nm (Fig. 5.1).
The experiments were performed several times before carrying out the SERS
measurements and the resulting substrates were analyzed by scanning electron microscopy
in order to test their reproducibility. Three matrices were designed with the CAD software
of the EBL machine. The first matrix comprehends pairs of circles with diameter of 30 nm
and gaps of 25 nm. The second matrix contains circles with diameter of 35 nm and gaps of
25 nm. The pairs of circles in the third matrix have a diameter of 40 nm and gaps of 20 nm
instead. Electroless experiments for the deposition of the silver nanoparticles were
performed by immerging the substrates first in a solution 0.05 mM of Silver nitrate
(AgNO3) and 0.15 M HF at 50 ° C for 10 seconds and then in ionized water to halt the
reactions. In contrast, the deposition of gold nanoparticles occurred by immersion of the
substrates in a solution0.10 mM of AuCl3 and 0.15 M of hydrofluoric acid (HF) at 50 ° C
for 20 seconds (Fig. 5.2) . All the experiments were performed several times before
carrying out the SERS measurements and the resulting substrates were analyzed by
scanning electron microscopy in order to test their reproducibility.
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Figure 5.1. Experimental data

Figure 5.2. Nanofabrication process
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5.1.2 Lithographic Process
The electron beam lithographic processes were executed in the clean room at the BioNEM
laboratory (University Magna Graecia of Catanzaro) by using the high resolution EBL
system CABL 9000C (Fig. 5.3).

Figure 5.3 Physical components of CABL 9000C high resolution EBL system
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In the lithographic experiments, the samples underwent a careful preparation before the
effective exposition in order to obtain a good lithographic performance, especially at the
nanoscale.
1. Silicon wafers (100) were cut 2 cm x 4 cm using a diamond tip.
2. The resultant pieces were immersed in boiling acetone, rinsed in hot Isopropyl
alcohol (IPA) to favor a better adhesion of the resist, and dried with N2.
3. The substrates where coated with PMMA A2 in anisole which is a high resolution
positive resist. The coating process was realized by spinning the samples at 0.4 bar
for 60 seconds at 5000 rpm and baking them on a hot plate for 2 minutes at 170 º
C. The thickness achieved for the layer of resist was 50 nm.
4. The samples were then patterned by EBL at 30 KeV with a current of 100 pA and
an exposure dose of 2500 µC/cm2.
5. Finally the pattern were developed in IPA at 4 ºC for 60 seconds.

5.1.3 Electroless Deposition of Silver and Gold Nanoparticles
The electroless experiments were carried out in a solution containing AgNO3 and
Hydrofluoric acid (HF) which is one of the most commonly reagents used in the treatment
of silicon wafers. The silicon wafers are immersed in HF with the purpose of removing the
layer of silicon oxide which, if present, would cause changes in the morphology of the
silicon itself. The result is a hydrogenated silicon surface inert to reactions with compounds
such as O2, CO2, CO, etc., and thus available to subsequent stages of deposition. The
deposition occurs as a result of a chemical redox reaction in which both the cathodic and
anodic semi-reactions occur on the silicon. The reaction between the hydrofluoric acid and
the silicon oxide is the following:
𝑆𝑖𝑂2 + 6𝐻𝐹 = 2𝐻 + + 𝑆𝑖𝐹6 2− + 2𝐻2 𝑂
Although the Si-F bond is thermodynamically favored with respect to Si-H bond, the latter
prevails on the surface due to the strong polarization of the bonds Siδ +-Fδ- that make the
Si-Si bonds more vulnerable to the nucleophile attack of HF. The formation of silver
nanospheres takes place along the surface of Silicon left uncovered by the lithographic
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process (Fig. 5.4). Here, two electrochemical half-reactions occur leading to the oxidation
of silicon and the reduction of silver.
𝑆𝑖 + 2𝐻2 𝑂 → 𝑆𝑖𝑂2 + 4𝐻 + + 4𝑒 −

Anode

𝐴𝑔+ + 𝑒 − → 𝐴𝑔0

Cathode Silver reduction

Silicon oxidation

The total reaction can be expressed as
4𝐴𝑔+ + 𝑆𝑖(𝑠) + 6𝐻𝐹 → 4𝐴𝑔(𝑠) + 𝐻2 𝑆𝑖𝐹6 + 4𝐻 +
The driving force of the process is the potential difference between the two half-reactions.
In our case, the standard redox potentials of reactions E01 and E02 are – 0.9 V and +0.8 V.
It is evident the contribution of the temperature whose ideal value has to be found
experimentally. In the case of silver, the best working nanoparticles are obtained for
temperatures between 45 and 50 °C. The mechanism of formation of the silver nanospheres
initially occurs in the vicinity of the silicon surface. An ion Ag+ captures an electron from
the valence band of the silicon and it is reduced to Ag0 which is very electronegative and
tends to attract other electrons from silicon. Ag0 becomes more and more negatively
charged catalyzing a further reduction of Ag+ ions with resultant growth of the cluster.
Consequently, the reaction must be blocked either by eliminating the availability of other
silver ions and / or reducing the temperature making the process thermodynamically
unfavorable. During the growth, tensions are created by dynamic competition mechanism
and mechanisms of “stress generation” and “stress relaxation” that depend on the
continuity or discontinuity of the film on the substrate. In the case of gold, the kinetics of
reaction changes because the gold reacts and forms a larger number of particles smaller, in
terms of size, than silver nanoparticles. Therefore the time of reaction has to be increased
in order to fill completely the patterns (Fig 5.5). The redox potential E01 and E02 are -0.9 V
and 1.52 V and the two half reactions are:
𝑆𝑖 + 2𝐻2 𝑂 → 𝑆𝑖𝑂2 + 4𝐻 + + 4𝑒 −

Anode

Silicon oxidation

𝐴𝑢3+ + 3𝑒 − → 𝐴𝑢0

Cathode

Gold reduction
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Figure 5.4: (a) Silver ions before reduction; (b) Silver ions capture electrons from the valence band of
Silicon and are reduced; (c) Removal of silicon oxide by hydrofluoric acid; (c) Deposition of silver
nanoparticles inside the lithographic pattern

Figure 5.5: (a) Gold ions before reduction; (b) Gold ions capture electrons from the valence band of
Silicon and are reduced; (c) Removal of silicon oxide by hydrofluoric acid; (c) Deposition of gold
nanoparticles inside the lithographic pattern
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5.2 Morphological Analysis by Scanning Electron
Microscopy (SEM)
All the substrates were placed in the chamber of the scanning electron microscope. The
analysis allowed the collection of several images. The investigation was carried out on
single dimers to estimate the growth of the nanoparticles inside the lithographic patterns
and optimize the parameters of growth. The panorama of the device is shown in Figure 5.6.

Figure 5.6. SEM micrograph showing a portion of a matrix of silver dimers

)

The following table is useful to compare the values of the diameters and gaps assigned in
the lithographic process for the device pattern with the diameters and the gaps of the
clusters after the electroless deposition.
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Table 5. Comparison between the values assigned in the lithographic process and the experimental values

In the case of the dimers of the first matrix, the values assigned through the CAD software
in the lithographic process were 30 nm for the diameters and 25 nm for the gaps
respectively. The results showed that the average diameters of the clusters after electroless
growth matched the values assigned in the lithographic process ( ̴ 31 nm) but on the other
hand we can see that the gap drastically reduced to 10 nm (Fig. 5.7). This is an interesting
data because a smaller gap will trap few molecules of the analyte, allowing a good
enhancement of the electromagnetic field in the Raman measurements. In the case of the
second matrix, the patterns were designed with diameters of 35 nm and gap of 25 nm in
the EBL process. The dimers, obtained after the deposition of the nanoparticles, showed
diameters ranging from 41 to 35 nm and gaps of about 11nm (Fig. 5.8). In the case of the
third matrix, the dimers showed average diameters of about 40 nm and gap of almost 14
nm (Fig. 5.9). The investigation on the gold dimers indicated that overall the gold
nanospheres did not grow as homogenously as in the case of silver. The dimers of the first
matrix grew with average diameters of about 28 nm and gap of about 23 nm (Fig. 5.10).
The dimers in the second matrix show both values of diameters (41.5 nm and 37.9) and
gaps (20.7 nm) greater than the lithographic values (Fig. 5.11). Finally, in the gold dimers
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of the third matrix we measured diameters of about 50 nm while the smallest gap achieved
was of 8 nm. Moreover in the last matrix a better aggregation of the nanoparticles inside
the lithographic pattern was noticed. (Fig. 5.12).

Figure 5.7. SEM micrograph of silver dimers (diameters of 31.9 nm and 30 nm; gap of 10 nm)

)
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Figure 5.8. SEM micrograph of silver dimers (diameters of 41.4 nm and 35.7 nm; gap of 10.7 nm)

)

Figure 5.9. SEM micrograph of silver dimers (diameters of 40.7 nm and 40 nm; gap of 13.6 nm)

)
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Figure 5.10. SEM micrograph of gold dimers (diameters of 28.9 nm and 26.9 nm; gap of 22.7 nm)

)

Figure 5.11. SEM micrograph of gold dimers (diameters of 41.5 nm and 20.7 nm; gap of 20.7 nm)

).
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Figure 5.12. SEM micrograph of gold dimers (diameters of 54 nm and 49.5 nm; gap of 8 nm)

)

5.3 SERS Measurements
The SERS effect was investigated by using Rhodamine 6G (R6G) as probe molecule. R6G
is an organic molecule characterized by a high fluorescence and chemical formula
C27H29ClN2O3 (Molecular weight = 479.01) (Fig. 5.13).

Figure 5.13. Chemical structure of Rhodamine 6G
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The choice of the substrates employed in the analysis was done looking at the dimensions
of both the gaps and the diameters of the dimers. The smaller the gap, the higher will be
the enhancement of the electromagnetic field. At the same time, a complete filling of the
wells with the metal nanoparticles is needed. The silver dimers with average diameters of
40 nm and gaps of 13 nm were immersed in a solution with concentration 10-8 M of R6G
and then dried with a flux of N2. The measures were performed by employing the Renishaw
inVia Raman microscope. The substrate was placed on the stage of the microscope and an
entire rectangular area around the silver dimer was mapped with a green laser (514 nm) to
ensure the complete irradiation of the nanostructure that otherwise would have been
difficult to obtain by focusing the laser in a single point (Fig. 5.14).

Figure 5.14. Optical image of the silver dimers mapped in the measure

The resulting Raman spectrum (Fig. 5.15) shows several peaks for the Rhodamine mainly
due to the vibrations of the bonds in the xanthenes ring. The band at 1183 cm-1 is related
to the bending of the bonds C–H and N–H in the xanthenes ring, the peaks at 1361 cm -1,
1509 cm-1 and 1650 cm-1 are due to the stretching of C–C vibrations in the ring whereas
the stretching of the bond C=O is responsible for the peak at 1575 cm-1.

86

Figure 5.15. Raman spectra of R6G absorbed on the silver substrate

The gold dimers of the third matrix (diameters of 50 nm and gaps of 8 nm) were soaked in
a solution at 10-4 M of R6G and placed on the stage of the microscope. A rectangular area
around the dimer was mapped with a red laser (633 nm). In the resultant Raman spectrum
we can notice a higher intensity for the peak at 1183 cm-1 because of the different spatial
distribution of the molecules (the closer a bond to the metal the larger the enhancement
will be). Moreover, we have to take into account that the concentration of R6G used in this
case was four order of magnitude higher (Fig. 5.16, 5.17).
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Figure 5.16. Raman spectra of R6G absorbed on the gold substrate

Figure 5.17. Comparison of the Raman spectra of R6G absorbed on the gold and silver substrates
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Raman imaging analysis has been performed by considering the vibrational band centered
at 1361cm-1. Figured 5.18 and 5.19 clearly shows the increase in the Raman band at the
point where the hot spot in between two dimers is present. This confirms the device
functionality with great sensitivity.

Figure 5.18. Raman image analysis of Rhodamine 6G vibrational band centered at 1361 cm-1 deposited over gold dimers.

Figure 5.19 .Raman Image analysis of Rhodamine 6G over gold dimers overlapped on the optical image.
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5.4 Conclusions
In this work, the EBL and electroless deposition were combined to obtain SERS devices
capable to increase the Raman signal and to detect molecules at low concentrations. In
particular, the silver dimers detected Rhodamine 6G with concentration up to 10-8 M and
showed a great potential for the realization of chemical and organic sensors. The smallest
gap obtained between the dimers was 10 nm in the case of silver dimers and 8 nm for the
gold dimers therefore we have established approximately that, for these high-resolution
devices, the number of detectable molecules is of about 100 –150 in an area of 110 nm2. In
particular we can state that:
(a) Silver dimers showed a very high enhancement of the Raman signal for low
concentration of molecules even if the silver nanoparticles are affected to oxidation in air
due to their intrinsic features. Therefore the use of silver dimers as SERS substrates is
restricted in terms of time. This potential could be improved by covering the silver
substrates with a thin monolayer of gold nanospheres (≤ 25 nm) in order to prevent
oxidation of the silver
(b) Gold dimers showed a better chemical stability during time with respect to Silver as
SERS substrates but exhibited lower SERS enhancement.

5.5 Future Perspectives


Create sensors for the premature recognition of cancer through the identification of
single nucleotide or amino acid mutations.



Preventing the inception of diseases through cybernetic miniaturized laboratories.



Consolidating the immune barriers to decrease the occurrence of infectious
diseases.
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