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Abstract

In this thesis, I investigated the creation of SERS-active substrates by
self-assembling hierarchical structures of plasmonic assisted nanospheres
(HSNs). Since most SERS substrates are inherently planar, I demonstrate
that a “hierarchical” approach could be systematically exploited to extend
the SERS hotspots into the third dimension by improving the hot-spots
spatial density and intensity. The proposed hierarchical architecture takes
advantage of the classic ordered configuration of hexagonal closed packed
array nanospheres (CPA). I used an additional layer of upper nanospheres
to generate regular and intense hot spots pattern. I carried out a numerical
analysis to predict SERS performance and to identify the most promising
configurations, offering design criteria, an overview of the operating mech-
anisms and conditions that affect the SERS behavior of substrates. Two
alternative methods of self-assembly were pursued to achieve gold-HSN,
namely co-deposition and sequential deposition. Morphological analysis
revealed the formation of well-ordered hierarchical structures with differ-
ent ratios between bottom and upper nanosphere diameters. Experimen-
tal analysis of the SERS response shows that gold-HSN can function as
economical SERS substrates with superior performance over CPA configu-
rations. As an alternative approach, I also investigated the use of CMOS-
compatible materials, as innovative SERS materials. Silver and gold are
commonly preferred materials for plasmonic applications but they are not
compatible with CMOS process. In this thesis, I investigated the use of
titanium nitride and nickel germanide. After the experimental characteri-
zation of the refractive index of these materials, I carried out a numerical
analysis to outlines their potential benefits and limitations. The performed
preliminary analysis revealed that nickel germanide is a promising candi-
date for SERS active substrates.

Keywords: Hierarchical structures,SERS, self-assembly, nanolithography.





Sintesi in lingua italiana

In questa tesi ho studiato la creazione di substrati attivi SERS plas-
monici auto-assemblati, a gerarchichia assistita da nanosfere (HSN). Poiché
la maggior parte dei substrati SERS sono intrinsecamente planari, dimostro
come un approccio "gerarchico" potrebbe essere sistematicamente sfrut-
tato per estendere gli hotspot SERS nella terza dimensione, migliorandone
la densità e l’intensità spaziale. L’architettura gerarchica proposta sfrutta
i vantaggi della classica struttura ordinata di nanosfere chiusa esagonale
(CPA). Con un ulteriore strato di nanosfere superiori ottengo un pattern
di "hot spots" regolari e intensi. L’analisi numerica effettuata è mirata a
prevedere le prestazioni SERS, le configurazioni più promettenti, criteri di
progettazione, una panoramica dei meccanismi operativi e le condizioni che
influenzano la risposta SERS dei substrati. Due metodi alternativi di auto-
assemblaggio,co-deposizione e deposizione sequenziale, sono perseguiti per
ottenere oro-HSN. L’analisi morfologica ha rivelato la formazione di strut-
ture gerarchiche ben ordinate con rapporti diversi tra i diametri inferiori
e superiori delle nanosfere. L’analisi sperimentale della risposta SERS
mostra che l’oro-HSN può funzionare come substrato SERS economico
con prestazioni superiori rispetto alle configurazioni CPA. Come approc-
cio alternativo, ho anche studiato l’uso di materiali compatibili CMOS,
come materiali SERS innovativi. Argento e oro sono materiali preferiti
per le applicazioni plasmoniche, ma non sono compatibili con il processo
CMOS. In questa tesi ho studiato l’uso di nitruro di titanio e nichel ger-
manide. Dopo la caratterizzazione sperimentale dell’indice di rifrazione di
questi materiali, ho effettuato un’analisi numerica per delinearne i poten-
ziali benefici e limiti. L’analisi preliminare effettuata ha rivelato che il
nichel germanide è un candidato promettente per i substrati attivi SERS.
Parole chiave: Nanostrutture gerarchiche, SERS, auto-assemblati, nano-
litografia.
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Chapter 1
Introduction

Raman scattering or the Raman effect consists of the inelastic scatter-
ing of photons [11]. Typically, a beam of light that affects a sample passes
through it unchanged or is absorbed. A small part of the incident beam
is spread elastically, with the same frequency (Rayleigh effect). An even
lower percentage of light undergoes an inelastic diffusion (Raman effect):
that is, it is diffused with a higher or lower frequency than the original
one. Since Raman scattering is 1% of the resulting scattering, amplifying
the Raman signal would allow you to highlight characteristic peaks.The
Surface-enhanced Raman scattering (SERS) is a phenomenon associated
with the amplification of the Raman effect caused by the electromagnetic
field present near a metallic nano structure, that is due to the plasmonic ef-
fect. The local electromagnetic field enhancement is mainly responsible for
the Raman signal amplification, and the spatial regions with very intense
field enhancement are commonly called as "hot spots". This analytical
technique can therefore provide large amounts of structural molecular in-
formation on the chemical or biological target that comes into contact with
the SERS surface, through the unique characteristics of the molecular fin-
gerprint (SERS) spectrum back spread from the substrate. By suitably
functionalizing the surface of these substrates it is possible to detect the
presence of tumor markers or other target molecules, illuminating the sub-
strate and analyzing the retro-diffused signal with a Raman spectrometer
[12]. The SERS stands out as one of the most remarkably sensitive ana-
lytical methods available.
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In certain instances, it can produce high-quality SERS spectra primarily
derived from the presence of just a single molecule (as demonstrated by
Kneipp et al [13]). Consequently, SERS spectroscopy has emerged as an
extremely promising candidate for routine analytical procedures applied
in medical, biochemical, environmental, and food analyses. Examples of
possible application in medical and biological fields of SERS spectroscopy
are:

• Therapeutic drug monitoring (TDM): is a crucial process that
involves assessing the drug concentration in a biological matrix, typ-
ically plasma or serum, at a known time following administration.
These concentrations are then interpreted in the context of relevant
clinical parameters, including the target therapeutic range and the
drug’s pharmacokinetics (as explained by Jaworska et al. [14]). In
TDM experiments, the straightforward approach involves examining
the recorded SERS spectra of bodily fluids, such as urine, blood, or
blood plasma, containing the drug of interest. The intensity of spec-
tral bands associated with the drug is monitored, (as demonstrated
by Markina et al. [15]).

• Nanosensors: are an alternative and highly effective application of
SERS, containing Raman reporter molecules (RRMs). These RRMs
are typically organic dyes with exceptional Raman scattering capa-
bilities, such as rhodamine 6G or malachite green. Instead of relying
on the Raman signal of the target substance itself, which can often
have a much weaker signal, these RRMs are combined directly with
the substance to be detected. This approach significantly enhances
sensitivity [16].

• Cancer diagnosis: have emerged as SERS application, basing on
the detecting via molecular vibrational fingerprints. SERS measure-
ment on blood samples is most commonly used in early cancer de-
tection, due to its high sensitivity,specificity and the ability to detect
the compositional differences in biomaterials. Shilian Dong et. al.
[17] presented a method for early cancer detection that uses label-
free SERS spectroscopy, combined with machine learning.
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In recent decades, several SERS nanostructures with controlled size, shape,
composition, and arrangement have been proposed as SERS active sub-
strates in the literature. The SERS nanostructures are strictly correlated
to the manufacturing method. The SERS design deals with the aim to
improve the performance by optimizing the hot spost generation and to
guaratee the uniformity, reproducibility and cost-effectiveness. The re-
producibility is the ability to obtain consistent results when using SERS-
active substrates. Inconsistent or unpredictable SERS results can arise due
to variations in the manufacturing process of the current substrates, the
presence of impurities or/and defects or/and agglomerates, or the uncon-
trollable generation of "hot spots" in specific region of the substrate with
exceptionally and extremely high Raman signal enhancement. Without
reproducibility, it is difficult and not trustworthy to use SERS substrates
for quantitative measurements, leading to inaccurate or unreliable data.
Uniformity in SERS substrates refers to the consistent distribution of "hot
spots" across the substrate’s surface. Signal enhancement may be strong
in certain areas of a non-uniform substrate, while other areas may have
weaker or no enhancement at all. Lack of uniformity can lead to inconsis-
tencies in data collection and prevent SERS from being a reliable tool for
quantitative analysis. Optimizing hot spots is a key goal in SERS because
it allows for more sensitive and precise Raman measurements. Different
approaches and strategies for hot spot optimization are avaible:

• Nanostructure Design: the SERS substrate’s nanostructures re-
quire a physical design that is crucial. It is possible to optimize the
size, shape, and arrangement structures to maximize the enhance-
ment effect. For example, sharp-edged nanoparticles, pointed struc-
tures, nanogaps, or hierarchical structures are often used to create
intense and dense hot spots location.

• Plasmonic materials: the choice of plasmonic materials signifi-
cantly influences hot spot optimization and consequently the perfor-
mance of the advanced substrate. Noble metals (i.e. gold and silver)
are commonly used because theier strong plasmonic properties and
low electronic losses in the visible. Tinkering with the shape, size of
nanoparticles and the symmetry of the final array can further refine
and improve the location, intensity and density of the hot spots.
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• Nanofabrication techniques: Advanced nanofabrication meth-
ods, such as electron beam lithography, nanoimprint lithography,
or chemical etching, can be used to precisely obtain SERS nanos-
tructure. The choice of fabrication can be impactful on the determi-
nation of the shape of the nanoparticles that form arrays and how
they are arranged. The cost and time of fabrication are two aspects
that should not be underestimated if you want to carry out research
and/or mass fabrication

Over the years, countless advances have been made in the field of nano-
manufacturing SERS substrates. It has gone from the creation of single
structures with simple geometries to complex structures with double peri-
odicity; such as periodically ordered nanocubes or nanorods covered with
nanospheres [18]. Using electron beam and focused ion beam lithogra-
phy, many SERS-active substrates have been produced. The fabrication
of various regular geometries with high spatial resolution can be done us-
ing either technique [19]. Despite their significant advantages in accuracy
and uniformity of hot-spots, these fabrication techniques are extremely ex-
pensive, making them not worth using for mass production. A low-cost
production process can produce large and regular nanostructure patterns
through bottom-up self-assembly techniques, which is an interesting al-
ternative. Numerous self-assembly approaches have been successfully em-
ployed to create well-ordered SERS active substrates [20] [21] . Unlike
nanostructures are widely diffused, very little progress has been made on
substrates made on the fibre optic tip, in fact there are far fewer references
in the literature. There are techniques that employ the use of femto-second
lasers with which you can do a grating [22], or create nanopillar via inter-
ference lithography [23]. Nanosphere lithography made possible to obtain
substrates consisting of an ordered pattern of nanospheres with a high re-
producibility, sensitivity [24]. It is a self-assembly technique that compared
to the others is low cost and allows direct fabrication on the tip of a fiber
optic. This type of manufacturing also allows manufacturing on multiple
optical fibers at the same time, drastically reducing both (already low)
costs and manufacturing time [25].
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The objective of this doctoral thesis was the design and characterization
of a SERS substrate, identifying the substrate with the best performance.
In particular to realize a substrate through the self-assembly technique
(cost-effective, ability to perform uniform substrate), working on the ge-
ometry optimization (to create dense and intense hot spot) and to investi-
gate alternative innovative materials. A versatile, adaptable, reproducible
substrate with the peculiarity of having a dense spatial distribution (and
high in number) of hot spots, consequently a high Enhancement Factor
with accessibility and stability, is the objective of this work. In this way,
the basic aim is to over come the limits imposed by the classical config-
uration of the closed packed array SERS substrate (CPA). In fact in the
CPA, the hot spots are not accessible to the target molecule and the ef-
ficiency is strictly connected to the dimension of the target molecules. In
thieir work Manago et al. demostrated [26] that the molecular target size
plays a major role in the intensity of the Raman spectrum, by comparing
the response of different substrate (including CPA) with different target
molecules (Bovine Serum Albumin, BiPhenylThiol and Red blood cells).
In this thesis’s work will be explored the performance capabilities of a
hierarchical nanospheres substrate coated with gold (the most commonly
used and the best low-losses material [27]) Specifically, the substrate under
analysis is a hierarchical array with hexagonal symmetry of nano spheres
consisting of a first layer of spheres and a second layer of small spheres,
placed in interstitial sites formed by bottom nano spheres. The spheres are
made of polystyrene and covered with a layer of gold. First, an accurate
numerical analysis was carried out, varying the diameter in the upper and
lower nanospheres. Once the best performing structures were identified,
they were manufactured using two different manufacturing techniques: co-
deposition and sequential deposition. The first technique allows the sub-
strates to be manufactured in a single step, but it has some constraint
on the geometric dimension of the upper spheres. The second technique
is two-phase but allows to realize all the structures without limits on ge-
ometry. Once the structures were manufactured, they were characterized
both from the morphological point of view (in order to verify the geom-
etry) and from the SERS point of view. For the SERS characterization,
intensity signals, intensity maps (to highlight the possible homogeneity of
hot spots) were acquired and the enhancement factor was calculated.
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Figure 1.1. Workflow of the PhD project

SERS tests were performed using Biphenyl-4-thiol, which forms a fairly
homogeneous layer on the substrate surface. The thesis work was di-
vided following the schematic graphic abstract illustrated in figure 1.1.
Simultaneously, the study focused on creating a versatile substrate. Us-
ing self-assembly technique, ordered and cost-effective substrates could be
manufactured, both on a supporting glass (for planar application as mi-
crofluidics [28]) and on optical fiber tips (for examples for implantable
biophotonic devices[29]). On the other side the possibility to combine the
benefits of CMOS technology with the enhanced analytical capabilities
of SERS could open the door to high-precision, high-resolution and mass
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fabrication. Unfortunately, the metal (as gold,silver) are not CMOS com-
patible material. Extensive efforts by researchers have been were made
to optimize the optical properties of nitrides, silicides, and germanides to
produce materials with low loss. Under this consideration, a study on the
capabilities offered by Titanium Nitride and Nickel Germanide, using the
same substrate optimized for gold were exploited. The chapter 2 deals
briefly with the theory behind the Raman and SERS phenomenon. Be-
low, the chapter 3 deals with the current state of the art of SERS planar
substrates (first paragraph) and substrates made directly on the tip of the
fiber optic (second paragraph). The chapter 4 deals with the numerical
analysis carried out, in particular it has been divided into two parts. The
first paragraph deals with the methodology used and the specifications
used to carry out the simulations, while the second with the results ob-
tained. The chapter 5 describes the methodology used to manufacture the
substrates (chosen following the numerical analysis), to characterize them
(from the morphological point of view) and the morphological results. The
chapter 6 deals with the SERS characterization, divided in two part: the
methodology and the results carried out. The chapter 7 relies on the exam-
ination of plasmonic materials that differ from gold, as Titanium Nitride
and Nickel Germanide. The two material are simulated using the refrac-
tive index (experimentally acquired) and characterized. The choice of the
material relies on the possibility to use the CMOS-fabrication technique
to realize a a SERS active substrate CMOS compatible for the lab on chip
application field. The last chapter 8 deals with conclusions.





Chapter 2
Surfaced enhanced Raman
scattering: briefly theory
description

"Look at the resplendent colours on
the soap bubbles! Why is the sea
blue? What makes diamond glitter?
Ask the right questions, and nature
will open the doors to her secrets."

C.V.Raman

In physics, the scattering phenomenon can be distinguished into two
major types, elastic and inelastic. Keeping in mind the kinetic theory of
the collision of solid bodies, elastic scattering involves a loss (or gain) of
very small energy of the incident electromagnetic radiation. This type of
scattering is called Rayleigh scattering and contains no information about
the structure of the molecule’s vibrational states. On the other hand, in-
elastic scattering induces a variation in the energy, which lead a shift in
the radiation frequency, due to iteration with molecular vibrational states
(or modes). Raman scattering is the phenomenon of inelastic scattering of
photons with matter [12]. Raman-based spectroscopy is a powerful analyt-
ical technique that allows information to be derived from complex molec-
ular structures. This phenomenon is characterized by low cross-sectional
dispersion resulting in extremely low signal intensity.
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In fact, only one photon in 107 undergoes Raman scattering [30]. At
the same time, the fluorescence phenomenon can even obscure the emit-
ted Raman signal. These factors have limited the use and applications of
conventional Raman spectroscopy over time. In 1973, Martin Fleischman
discovered Surface enhanced Raman spectroscopy (SERS) [31], revealing
the scientific community’s interest in Raman spectroscopy. The Surface
enhanced Raman spectroscopy consists in the amplification of the Raman
effect coming from molecules, about different orders of magnitude [30].
This chapter aims to understand the basic theory of Raman and SERS
scattering .

2.1 Raman scattering

Raman scattering is one of the main pillars of molecular spectroscopy.
In 1923, the Indian physicist Chandrasekhara Venkata Raman (to whom
the phenomenon owes its name) first discovered the Raman effect, influ-
enced by the work filed by Lord Rayleigh in 1871 [32]. The phenomena
has been extensively analyzed and used in different fields of physics (e.g.
chemistry, biomedical, materials science, solid physics).In 1930 Raman re-
ceived the Nobel Prize in Physics following this discovery. He observed
that a part of the radiation, spread by some materials, manifested a dif-
ferent energy respect the incident, realizing that this radiation was mainly
due to the chemical-physical characteristics of the material analyzed. The
Raman effect consists in the inelastic diffusion of the electromagnetic ra-
diation incident on a sample [33]. Raman scattering is a type of secondary
radiation. Thanks to Raman spectroscopy it is possible to acquire infor-
mation about not only the basic structure of the sample (e.g. structural
changes, morphological defects, impurities) but also about the chemical
composition (e.g. the functional groups present). The Raman signal is
unique and represents the fingerprint of a molecule. Some of the funda-
mental characteristics of this spectroscopic technique are the ability to be
non-destructive, non-invasive and at least allows to use even small volumes
of the sample (about 1 µm3) [34]. The phenomenon of Raman scattering,
from the classical point of view, provides that when an electric field is ap-
plied on a molecule, the incident field will disturb the distribution of the
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charge in the molecule, inducing a moment of dipole. The sum of induced
dipole moments behaves like a macroscopic polarization, which generates
a secondary electric field radiated by molecules. A quantitative and classic
description of the matter-field interaction allow to understand how this
interaction reveals structural information of the sample. The formula for
the induced dipole moment µ, can be written as:

µ = αE (2.1)

Where µ is the molecular dipole induced by the incident electric field E
(characterized by its amplitude E0 and its oscillation frequency ω = 2πν.
The incident electric field can be expressed as:

E = E0cos(2πνt) (2.2)

The term α is the molecular polarizability, represents the proportionality
factor between the incident field and the induced dipole moment. It mea-
sures how much the incident field is able to disturb the electron density.
However, the polarization of a molecule is not a static quantity and can be
modulated by the rotations and vibrations of the bond. The variation of
polarization due to molecular vibration (i.e. displacement from the equi-
librium position) can be expressed as follow:

α = α0 + (r − r0)
∂α

∂r
(2.3)

Here respectively r0 and r are the bond lengths in equilibrium position
and in perturbed position, the polarizability to equilibrium is α0. The
displacement can be represented as simple harmonic, that is:

r − r0 = rmaxcos(2πνit) (2.4)

Where rmax is the maximum displacement of the atoms of the molecule
from the equilibrium position and νi is the vibrational frequency. By re-
placing the equation 2.4 into the polarizability equation 2.3, gives:

α = α0 +
∂α

∂r
rmaxcos(2πνit) (2.5)
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Considering the newly obtained expression for polarizzability (2.5) and
replacing it in the dipole equation (2.1), gives:

µ = α0E0cos(2πνt) + E0rmax
∂α

∂r
cos(2πνit)cos(2πνt) (2.6)

Through the properties of cosine , is obtained:

µ = α0E0 + cos(2πνt)︸ ︷︷ ︸
Rayleigh scattering

+

+
E0

2
rmax

∂α

∂r
cos[2π(ν − νi)t]︸ ︷︷ ︸

Stokes scattering

+

+
E0

2
rmax

∂α

∂r
cos[2π(ν + νi)t]︸ ︷︷ ︸

Anti Stokes scattering

(2.7)

In the above equation 2.7 the first term is Rayleigh scattering and occurs
when the frequency is equal to the stimulation frequency ν. Responsible
for elastic scattered light, Rayleigh scattering does not contain any infor-
mation on the molecular structure. Respectively, the second and last term
are Stokes ν − νi and Anti-Stokes ν + νi scattering (occurring at a fre-
quency below or above excitation). In the Stokes scattering, in relation
to the excitation frequency, the radiation emitted by the induced dipole
moment is red-shifted. This term contains information about the molec-
ular structure and its dependence on frequency, represents the inelastic
diffusion of light. The Raman spectrum is usually represented as Stokes
scattering. Likewise Stokes scattering, the Anti-Stokes scattering is in-
elastic and involves a blue-shift, with respect to the excitation frequency.
Unlike Stokes scattering, it has a very low intensity (due to the Boltzmann
factor describing the population of thermally excited vibrational states).
In terms of energy, most radiation has the same energy as incident photons
(Rayleigh scattering), while a significantly small fraction has more or less
energy than incident photons (Raman scattering). The reason why Ra-
man scattering represents 1% of the resulting scattering. Additionally, the
quantum mechanics approach offers the possibility to deeply understand
the Raman scattering phenomena, compered to others phenomena like flu-
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orescence. In quantum mechanics is possible to describe the interactions
between photons and molecules with quantified energy levels [35]. When
a monochromatic radiation with stimulation frequency ν interacts with a
molecule, it makes an upright transition from the ground state (E0) to an
higher excited state (Ej). According to the energy conservation law:

ℏν + E0 = Ej + ℏνj (2.8)

Ultimately:
∆E = ℏ(ν − νj) (2.9)

In the Raman scattering, the energy is transferred or held from the molecule,
due to the interaction between light and matter. In fluorescence phenom-
ena, due to light absorption, the promotion of the electron to higher energy
state is timely long enough to enable the molecule geometry to relax and
adapt to the new electronic configuration. However, some energy is lost
due to this internal conversion. When the fluorescence lifetime is termi-
nated the molecule descends to the ground state. The fluorescence en-
ergy is lower than the excitation energy, as a consequence of this process.
The substantial difference between fluorescence and absorption phenom-
ena with Raman scattering rely on the fact that the latter are not based
on electronic transitions. For Raman scattering, the absorption of light
promotes the electron to a virtual excitation state (which is an intermedi-
ate state) instead of energy state. These virtual states (Vi) occur when the
excitation energy is not sufficient to promote the molecule to a higher en-
ergy level. However, the energy absorbed by the molecule is transformed
into a moment of induced dipole and dissipated through scattering. In
terms of lifetime, fluorescence hovers around 10−9 to 10−7 seconds, while
Raman scatters around 10−13 to 10−11 seconds [36]. In figure 2.1 is shown
the schematic energy level diagram for Raman scattering and fluorescence.
In the Rayleigh scattering, the energy provided to the molecule leading an
upright transition. The same energy is emitted, according to equation 2.9
occurs that ∆E = 0 (i.e ν = νi). Similarly, during the process of Stokes
scattering, the promotion of the molecule is towards a higher virtual state.
Nevertheless, the molecule does not return to the ground state, but decays
to a vibrational state (Vb) emitting a photon (red-shifted respect incident
light).
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Figure 2.1. Schematic energy level diagram for fluorescence, Rayleigh scat-
tering, Stokes Raman scattering and anti-Stokes Raman scattering

Resulting from vibrational and rotation movement, this vibrational state
(Vb) is close to the ground state and the energy difference is pretty low.
Studying the red shift of Raman spectrum is possible to characterize the
vibrational movement of a molecule. Keeping in mind the equation 2.9
results in ∆E < 0 (i.e ν > νi). In the anti-Stokes Raman scattering,
some molecules may already be in a state of excited virtual energy, due to
bonding movements. When the incident light is spread over the molecule,
it is excited to a higher virtual state (Vi). In this case, at the end of the
process a photon is emitted with a blue shift respect to the incident light.
The probability that a molecule is in an already excited state, at ambient
temperature, is extremely low. This is the reason why this type of scatter-
ing occurs much less frequently and with a pretty reduced intensity than
Stokes Raman scattering. Considering the equation 2.9, the phenomena
results in ∆E > 0 (i.e ν < νi).The term ν − νi = ∆ν is also refereed as
Raman shift(commonly reported in wave-numbers) and is directly related
to energy. To have a correlation between the wave-numbers shifts in the
Raman spectrum and the spectral wavelengths, the following formula can
be used:

∆ν =

(
1

λ0
− 1

λi

)
(2.10)
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Where λ0 is the excitation wavelength and λi is the Raman wavelength.
Thanks to quantum theory, it is possible to explain why the reduced inten-
sity of anti Stokes scattering, not foreseen in classical theory [37].Generally
the Raman signal has low intensities, reason why it is difficult to work with
low concentrations and small amounts of samples. Accordingly to:

IRaman ∝ α2E2 (2.11)

The Raman intensity is directly proportional to the second power of the
polarization (α) and the second power of incident electromagnetic field (E)
[38]. The intensity of the Raman signal should enhance, by increasing the
incident electromagnetic field and so the efficiency of the polarization. This
enhancement leads to the possibility of using small quantities of sample
and detect the presence in low concentrations.

2.2 Surface Enhanced Raman Scattering

The Surfaced enhanced Raman scattering (SERS) is an analytical tech-
nique based on the amplification of the Raman signal, thanks to the it-
eration with a metal surface. The SERS has a higher sensitivity than
the Raman scattering, allowing to analyze molecules at low concentration
and with the decreasing of the fluorescence phenomenon. The nature of
the enhancement mechanism is warmly debated, although SERS is a very
active field of study [39]. In particular, two mechanisms have been ac-
cepted by the scientific community, namely the theory of electromagnetic
enhancement (EM) and the theory of chemical enhancement (CE) [40].
Both of these enhancement act simultaneously. The theory of chemical
enhancement contributes only to an enhancement of two or three orders
of magnitude. The EC is due to chemical iteration that modifies polar-
ization by interaction between metal and material molecules [41]. These
enhanced electromagnetic fields are due to the coupling between the in-
cident field and the localized surface plasmon polariton (LSPP) and de-
rive from roughness characteristics . On the other hand, EM is the main
source of enhancement, treating the molecule as a point dipole that inter-
acts with the electromagnetic fields that form locally on the metal surface
[42]. When electromagnetic radiation affects a rough metal surface (with
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negative imaginary dielectric constant), the field near metal surfaces is
strongly enhanced around nanoparticles through the generation of surface
plasmons (as shown in fig. 2.2)[43]. There are two types of surface plas-
mon:

• Surface plasmon polariton: is a surface non-radiating electromag-
netic wave that propagates in a direction parallel to the dielectric-
metal interface. The wave finding itself confined between the dielec-
tric and the metal, makes the oscillations are very sensitive to any
change, such as the adsorption of molecules [44].

• Localized surface plasmon resonances (LSPRs) are collective oscilla-
tions of the charge of free electrons in metallic nanoparticles that are
excited by light. They show a larger field amplitude near the reso-
nance wavelength. The field is highly localized near the nanoparticles
and decays rapidly away from the dielectric-metal interface [45].

The SERS signal benefits from this high electromagnetic field generated
by LSPRs, enhancing the Raman signal. The EM enhancing mechanism
can be described as a two steps process: the local field enhancement and
the radiation enhancement.

Local field enhancement

The Raman intensity is proportional to the induced dipole, according
the equation 2.1. Keeping in mind the equation 2.1, the free oscillating
induced dipole moment can be wrote as the product between the incident
field (E0) and the polarization (α), considering the position rm, as follow:

pm(ωi, rm) = αm(ωi, ω0)E0(ω0, rm) (2.12)

The equation (2.12) express the modulation of the incident field (E0) at the
frequency ω0, yielding the Raman scattering at frequency ωi. The induced
dipole irradiates in near field, locally and, into far field. At position R, the
electromagnetic field is equal to:

Em(ωi, R) = ω2
i µµ0G⃗0(R, rm)pm(ωi, rm) (2.13)
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Figure 2.2. Schematic representation of the surface plasmons.

Where µand µ0 are the relative permeability of the medium and vacuum,
respectively. The G⃗0(R, rm) stands for the dyadic green function in an
homogeneous medium. The power irradiates from the induced dipole in the
far field can be written considering the local induced electric and magnetic
field (Em and Hm):

Pm(ωi, rm) =

∫∫
S

1

2
Re[Em(ωi, rm)×H∗

m(ωi, rm)]n̂ds (2.14)

where n̂ is the normal vector along the pm direction.For an isolated oscil-
lating dipole, the power is also equal to:

Pm(ωi, rm) =
1

2
ωiIm[p∗m(ωi, rm) · Em(ωi, rm)]

=
ω3

2

|pm|2

c2ϵ0ϵm
[np · ImG⃗0(rm, rm) · np]

(2.15)

The equation 2.15 represent the power of an isolated oscillating dipole in
free space, where ϵ0 and ϵm are respectively the dielectric constant of the
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vacuum and of the material. The local electromagnetic field enhancement
is primarily due to the LSPRs, resulting in a SERS signal. The local electric
field strength at position rm(the molecule location) is proportionate to the
incident field as :

Eloc(ω0, rm) = g1(ω0, rm)E0(ω0) (2.16)

Where g1(ω0, rm) is the local electromagnetic field enhancement factor.
Consequently, this field produces a strong oscillating dipole at Raman
frequency ωi:

pm(ωi, rm) = αI
m(ωi, rm)Eloc(ω0, rm) (2.17)

The radiation characteristics of an oscillating dipole are significantly af-
fected by the dielectric properties of what surrounds it and their optical
resonance processes. The power is proportional to the second power of the
dipole, according to equation 2.15, so the enhancement factor of the local
field is :

Mloc(ω0, rm) = |g1(ω0, rm)|2 =
∣∣∣∣Eloc(ω0, rm)

E0(ω0, rm)

∣∣∣∣2 (2.18)

The incident wavelength significantly affects amplitude, showing resonances
associated with LSPR.

Radiation enhancement in SERS

Considering the enhancement factor (EF) of the electromagnetic field
as a two-phase process, conceptually allows to understand where the gener-
ated power comes from but at the same time does not produce the correct
solution to the problem. The correct solution is obtained by expressing
the problem considering a plasmon structure coupled to a radiant dipole
in the presence of an oscillating electromagnetic field. Referring to equa-
tion 2.15, the oscillating dipole pm(ωi, rm) in the presence of a plasmonic
nanostructure produces a total power equal to:

Ptot(ωi, rm) =
1

2
ωiIm[p∗m(ωi, rm)Em(ωi, rm)] (2.19)

The local electromagnetic field Em(ωi, rm) is calculated using Maxwell
equations, considering that is produced by the induced dipole pm(ωi, rm)
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in the presence of metallic nanostructure (source). The dissipated power
at the Raman-scattered frequency ωiis the sum of two contribute, a part is
radiated into the far field and e some is dissipated as heat, by Joule effects,
in plasmonic nanostructure. The first term is the radiated power Prad and
the latter is the non radiative term Pnr. Into far field at distance R, the
Raman radiation field is composed of two term, as power:

ER(ωi, R) = EDR(ωi, R) + Em(ωi, R) (2.20)

Where EDR(ωi, R)is the secondary field scattered from the enhanced field
Em(ωi, R), excited by pm(ωi, rm). The EDR(ωi, R) represents the dipole
re-radiation field and the power associated is :

Prad(ωi, rm) =

∫∫
S

1

2
Re[ER(ωi, rm)×H∗

R(ωi, rm)]n̂ds (2.21)

By integrating in the plasmonic structures (V) and considering the con-
ductivity σ, the non-radiative power is equal to:

Pnr(ωi, rm) =

∫∫∫
S

1

2
Re[E(ωi, rm) · E∗(ωi, rm)]dV (2.22)

The radiation enhancement depends critically on the orientation of the
oscillating dipole. The power of the total Raman-scattered radiation is:

Ptot(ωi, rm) =
1

2
ωiIm[p∗m(ωi, rm) · Em(ωi, rm)]

−
∫∫∫

S

1

2
Re[E(ωi, rm) · E∗(ωi, rm)]dV

(2.23)

In the absence of a plasmonic nanostructure, by the surface integral of
the Poynting vector in the far field, the radiant power from an isolated
oscillating dipole is given by:

P0(ωi, rm) =
1

2
ωiIm[p∗m(ωi, rm) · Ev

m(ωi, rm)]

=
ω3

2

|pm|2

c2ϵ0ϵm
[np · ImG⃗0(rm, rm) · np]

(2.24)
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where Ev
m(ωi, rm) is the virtual local field produced by the isolated dipole

assuming there is no nanostructure. Consequently, the radiation enhance-
ment Mrad is the radio between the radiative power and power P0 is usually
approximated as:

Mrad(ωi, rm) =

∣∣∣∣Eloc(ωi, rm)

E0(ωi, rm)

∣∣∣∣2 ≈ ∣∣∣∣Eloc(ω0, rm)

E0(ω0, rm)

∣∣∣∣2 ≈ Mrad(ω0, rm) (2.25)

where Eloc(ωi, rm) is the local electromagnetic field generated by the field
E0(ωi, rm) at frequency ωi. Thus leads the factor Mrad(ωi, rm) is :

Mrad(ω0, rm) ≈
∣∣∣∣Eloc(ω0, rm)

E0(ω0, rm)

∣∣∣∣2 (2.26)

When ωi is approximately equal to ω0 (for detail see [38]). The SERS
enhancement factor (EF) is:

EF (ω0, ωi, rm) =
Prad

Pm,0
=

P0

Pm,0
· Prad

P0
=

P0

Pm,0
·Mrad(ω0, rm) (2.27)

The term Mrad(ω0, rm) is the radiation enhancement meanwhile the first
term is:

P0

Pm,0
=

ω3|pm|2
2c2ϵ0ϵm

[np · ImG⃗0(rm, rm) · np]

ω3|pm,0|2
2c2ϵ0ϵm

[np,0 · ImG⃗0(rm, rm) · np,0]
(2.28)

neglecting that np ̸= np,0, meaning that the direction of the oscillation
dipole in the system with nanostructure is different from the direction in
free space (due to the change of polarization of the local field with respect
to the incident field). Thus leads to:

P0

Pm,0
≈

∣∣∣∣Eloc(ω0, rm)

E0(ω0, rm)

∣∣∣∣2 ≈ Mloc (2.29)

If the incident frequency ω0 is approximately equal to ωi the Raman fre-
quency, the above equation can be simplified to:

EF (ω0, ωi, rm) ≈
∣∣∣∣Eloc(ω0, rm)

E0(ω0, rm)

∣∣∣∣2 · ∣∣∣∣Eloc(ωi, rm)

E0(ωi, rm)

∣∣∣∣2 (2.30)
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In other words:

EF (ω0, ωi, rm) ≈
∣∣∣∣Eloc(ω0, rm)

E0(ω0, rm)

∣∣∣∣4 (2.31)

The equation 2.31 is the well-known as the |E|4 approximation for the
EF. In the first phase of enhancement, an antenna collects light from a
larger volume and focuses a large part in a localized part of the antenna,
i.e. "hot spot"; in the second phase the local electric field pushes the
antenna radiate resonantly due to the emission by the molecules located
in the hot spot. Considering that EF in eq. 2.31 is position dependent,
it is often reported in the literature as surface average EF[38]. Having
a large number of zones where the field is strongly localized leads to a
higher intensity of the SERS signal, improving sensitivity. By engineering
ordered arrays, it is possible to obtain a large number of hot spots (due to
gaps at intersections between the nanoparticles of the structure) with the
advantage of better uniformity[46]. Considering two small nano-spheres,
in figure 2.3 is shown as the strongest local field enhancement is located
along the "x" axis through the centre of the spheres , and is oriented along
the "y" axis in the the direction of the external field.

2.3 Plasmonic material

The SERS effect is due to the amplification of Raman signals by plas-
monic effect, caused by the presence of a metal nanostructure. To achieve
good signal amplification it is necessary to optimize the geometric structure
of the nanostructure and the material used. Regarding the geometry of the
substrate chosen, the next chapter 3 will discuss the various types of sub-
strates manufactured over the years, providing an overview of the state of
the art.The phenomenon of plasmon at optical frequencies arises from the
collective oscillation on the surface of the free charges due to an applied
electric field. Therefore, for plasmonic materials to be defined as such,
they require an abundance of free electrons and therefore of metal compo-
nents. This abundance of free electrons defines a negative real permeability
(main characteristic of a plasmonic material). However, generally metals
are characterized by large losses especially in the visible optical band, due
to inter-band electronic transitions [47]. Leakage in the materials limits,
in many cases, the applications of plasmonic devices and causes a drastic
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Figure 2.3. Schematic representation local electric field distribution.

decrease in performance. Low-loss plasmonic materials are needed to have
overall high performance [48]. The iteration between an electromagnetic
field and a material is described by polarization. Polarization can be both
electrical and magnetic in nature, although the magnetic is negligible for
materials that work at frequencies higher than THz. The complex dielec-
tric function of a material (permittivity, "ϵ(ω)") well describes the state of
electrical polarization. The permittivity consists of a real part (ϵ′(ω)) that
deals with the polarization induced by an external electric field and, an
imaginary part that deals with the losses induced by polarization. Conse-
quently, a low-loss material is defined as having (ϵ′′(ω)) low values. In the
frequency range of near infrared, visible and ultra-violet, the mechanisms
that feed the losses are mainly due to conduction electrons and inter-band
effects [49]. The former derive from electron-electron iterations, while the
latter are due to interaction between electrons and photons. Therefore,
metals are excellent candidates due to their high conductivity, for plas-
monic applications and consequently for SERS applications. The most
commonly and widely used materials are gold and silver.
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Figure 2.4. The wavelength ranges where SERS applications are supported
by Silver, Gold and Copper.

These two metals have low losses in the visible and near infrared fields.
In fact, almost all the experimental panorama on plasmonics devices uses
these two materials [50], they predominate mainly in the SERS field [51].
Other metals have been used but their use has been imitated by high losses
compared to these two materials. For example, in applications where the
catalytic function of metals is fundamental, materials such as platinum and
palladium find a context[52]. However, silver tends to degrade very quickly
and the roughness of the surface also significantly determines the losses in
the material[53]. On the other side, gold represents the best plasmonic
material in terms of losses (in the visible and near infrared), is chemi-
cally stable and can form continuous films [54][55]. Silver and gold layers
are typically made using physical vapor deposition (PVD) and/or sputter-
ing techniques. Silver, gold and copper has LSPRs, covering the visible
range where the most Raman phenomena occur (schematic representation
in figure 2.4). Copper has the second highest conductivity (such as silver),
also considering that the costs are considerably lower than gold and silver
should be an excellent candidate as a plasmonic material. Chan et al. have
shown that nanospheres made of copper have an LSPR response compa-
rable to that of gold and silver. However, in practical cases [56],copper
has been shown to oxidise very quickly (forming Cu2O and CuO). Due to
oxidation effects, copper is not suitable for plasmonic applications, much
less for SERS applications. Aluminium was not a material used compared
to those mentioned above, due to the fact that it has high values of the
imaginary part of the permittivity in the range of visible wavelengths.
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However, aluminium is better than gold and silver (in the ultraviolet
range), albeit at relatively low values. Under atmospheric conditions, such
as copper, aluminum has a tendency to oxidize (forming layers of Al2O3),
making it difficult to manufacture and use. The typical thickness does
not exceed 3 nm [57]. Despite everything has been used over the years
for plasmonic [58], fluorescence [59] and Raman applications [60]. Like
aluminum, plasmonic materials in the ultraviolet wavelength range are
metals that typically have inter-band transitions in the range from 200 to
400 nm. In the ultraviolet range, photon energy is higher due to molec-
ular resonance phenomena (i.e photocatalysis and/or photodegradation),
increasing sensitivity and exploiting higher energy resonances than visible
[61]. Besides aluminum, there are other non-traditional metals that can
exploit resonances in the ultraviolet wavelength reason, such as rhodium,
indium, and magnesium [62][63]. Nanoparticles made of rhodium have
been manufactured and used for SERS and fluorescence (deep ultraviolet)
applications successfully for biosensing [63][64]. On the other hand, arrays
of indium nanoparticles have been created with excellent results mainly for
applications involving photodetectors and refractive index variation mea-
surements [65], while colloidal nanoparticles were also used for ultraviolet
SERS [66] and molecular imaging [67]. Colloidally synthesized, nanopar-
ticles composed of magnesium and an oxide layer of about 6 nm exhibit
a resonance in the ultraviolet range, highly dependent on shape and size
[68]. To free them from the dependence of shape and size, materials such as
bismuth, antimony, and gallium have a plasmon resonance tunable in the
ultraviolet range, mediated by inter-band transitions [69]. Metals (i.e Gal-
lium, indium, rhodium and platinum), alkaline metals (Lithium, sodium,
potassium, cesium and rubidium) and metal alloys have been studied to
be candidate materials for SERS substrates [70]. However, these materi-
als are highly reactive in the air, which is why their applicability remains
excluded from the SERS scope. Developing methodologies capable of over-
coming this type of reaction would allow new ways of making metal SERS
substrates. Although they do not fit the conventional definition of SERS
substrates, new materials such as graphene [71], semiconductors such as
titanium dioxide (TiO2 [72], and quantum dots [73] have been used as
SERS materials.
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Titanium nitride (TiN), like other transition metal nitrides, supports a
plasmon resonance in the visible range due to their high free electron
concentrations unlike nitride oxides [61][74]. Because of their low car-
rier concentrations, semiconductor materials face numerous challenges to
obtain an LSP in the view [75]. However, strongly doped semiconductor
materials represent an emerging platform in the field of plasmon, being
strongly tunable in near infrared wavelengths [76]. In fact, the transpar-
ent conduction materials oxides are dopable and allow to obtain plasmonic
resonances throughout the near infrared (i.e. aluminum-zinc oxide and
indium-tinoxide). These properties in the near infrared are also charac-
teristic of materials such as sulphides and transitional metal oxides [61].
Combinations of different materials increased the charge carrier density
and enabling a tunability in the near infrared, such as fluorine/indium
co-doped cadmium oxide and fluoride/tin co-doped cadmium oxide [77].
By changing the concentration of dopants to improve system response and
near-infrared tuning, Copper-Sulfur/Selenium are other materials that can
be manipulated.[78] Materials composed of cus or cute are semiconductors
that perform a self-healingdoping due to oxidation, allowing LSPR and are
mainly used in optical communication [79] . Like the metals Transition
oxides, Ruthenium(IV) oxide are excellent candidates for photonic appli-
cations thanks to negative permittivity and low losses [80]. Extending the
landscape of traditional plasmonic materials expands working wavelengths
from deep ultraviolet to mid-infrared. Thus overcoming materials such
as gold and silver, to use 2-D materials, non-noble metals and semicon-
ductors, would improve a wide variety of optical processes, opening new
possibilities in different application fields (especially in the field of plas-
monic and SERS). The fields of application and the ways in which the
materials can be used increase with the increase of the variety’ of compo-
sitions of materials, which present plasmonic characteristics. In order to
make the best of "new plasmonic composite materials", research must focus
mainly on two fundamental aspects: intrinsic properties and cooperative
interactions. On the other hand, future discoveries on high-performance
plasmonic materials require advances in the accessibility of new materials,
in the better understanding of dielectric function and processes regarding
resonance phenomena.
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Figure 2.5. Qualitative representation of plasmonic structure, related to
material and shape.

Therefore, thanks to the use of some metallic and non-metallic materi-
als, it is possible to widen the window of the electromagnetic spectrum
of absorption and use of photons. Over the years, the scientific commu-
nity has focused on increasing the enhancement factor of SERS substrates
from a material point of view. Overcoming single-layer substrates, recent
progress involved in the use of combined materials. Guanliang Sun et al.
proposed a substrate of silver nanoparticles combined with cobalt oxide
nanowire on copper foam framework. The substrate is fabricated by suc-
cessive two-step hydrothermal synthesis strategy [81]. The combination
of these material evolved in high enhancement factor approximately equal
to 2 · 108. Another example, Jagannath Rathod et. al. proposed differ-
ent substrate using Germanium (Ge) substrate combined with silver and
gold nanoparticles, obtaining enhancement factor up to ·105 [82]. Thus,
improving the dielectric function of a material for itself is not sufficient
to increase plasmonic coupling. A purely qualitative representation of the
response of different structure is schematized in figures 2.5, to correlate
the dimensions, type of structure, materials to the spectral range of wave-
lengths.
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To observe a greater chemical and physical functionality, aspects such as
geometry, surface structure, dimensions of the basic elements, fabrication
and surface functionalization are necessarily to be taken into account, de-
veloping a strategy that takes into account all the parameters. Andrei
Nemilentsau et. al. have observed the phenomenon of oxidation in cubic
silver nanoparticles with a platinum shell and, how to detect plasmonic
phenomena. From their study a fundamental aspect emerged, namely that
there was no transfer of plasmon energy from the platinum shell to the sil-
ver core [83].On this line instead , incorporating semiconductor materials
inside metals would allow a greater and more effective separation of free
carriers of charge, exhibiting greater plasmonic activity [84][85].





Chapter 3
SERS-active substrates: state
of art

In this chapter a detailed description of the current state of art related
to the SERS substrate is provided. In particular, the chapter is divided
in two main paragraph. The first described the planar substrate scenario
and the latter the fiber optic SERS probe current state. In particular,
some of the most commonly used manufacturing techniques are described,
illustrating the relative advantages and disadvantages. An overview of sub-
strates from the simple single nanoparticle to the orderly and amorphous
shapes of arrays, to the more complex structures in multiple dimensions.
The aim is to provide information about the most influence parameters
to obtain regular, uniform, reproducible and high highly performing in
terms of enhancement factor SERS active substrate. All of these aspects
have a significant impact on the design of the substrate. In particular the
techniques used to fabricate SERS planar substrates are not always suit-
able for fiber optic fabrication (as for planar substrates) and consequently
there is a decrease in performance. Indeed, the following chapter provides
an overview of the state of the art of planar substrates and fiber optic
substrates. Working with fibers has many advantages in terms of achiev-
able applications, but at the same time not all fabrication techniques are
usable (as for planar substrates) and consequently there is a decrease in
performance.
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3.1 Planar SERS active substrates

The Raman signal is strongly enhanced when these molecules are ad-
sorbed on or are in close proximity to a metallic surface. In the chapter 2, is
briefly described the mathematical formalism and the physics phenomena
behind the SERS scattering. The SERS rely on the optical excitation of
surface plasmons, in particular on the collective vibrations of the free elec-
trons in the nanostructure. The sensitivity enhancing of the substrate is a
crucial factor in SERS detection [86]. The sensitivity of a SERS substrate
is mainly due to the presence of hot spots. By increasing the number,
strength, density, and distribution, the intensity of the resulting SERS sig-
nal grows [87]. Hot spots are strongly influenced by factors such as the
shape, size and material of the nanostructure. L. B. He et al have shown
that the presence of nanogaps between nanoparticles is the cause of more
than the half of the SERS signal [88]. Following a numerical simulation
study from the work of Yu Huang et al. it emerged that by increasing
the size of the gap between two nano spheres the local field enhancements
decreased drastically exceeding 30 nm [89]. To have a SERS signal it is im-
portant that the substrate has a uniform distribution of hot spots, present
in a large number and especially accessible to the target molecule (figure
3.1). Another aspect not to be underestimated is the choice of the fabri-
cation method. Choose fabrication methods that take a long time or are
very expensive, are not akin to a university research environment or mass
production. In the medical field it is necessary that the substrate is low
cost so that it can be used without limitations (for example in the field of
diagnostics it may be necessary to carry out multi tests). The substrate
must also be reliable and ensure repeatability. The well-known proposed
SERS active substrates generally consisted of various nanoparticle aggre-
gates to achieve a high density of hot spots. In literature it is easy to find
simple particles aggregates as nanorods [90], nanostars [91][92], nanopy-
ramids [93][94], nanocubes [95][96], nanotriangles [97][98], nanoprisms [99]
and nanoflowers [100][101]. Nonetheless, the relatively poor repeatability
and uniformity of such SERS-active substrates seriously limits the practi-
cal use as quantitative measurement [102].
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Figure 3.1. Graphic explanation of the importance of the accessibility of the
hot spot to the target molecule.

In the last decades, several plasmonic nanostructures with a controlled
size, shape, composition, and arrangement have been proposed as SERS-
active substrates in the literature. A schematic overview of different plas-
monic nanostructures are showed in figure 3.2. Commonly, the aggregates
nanoparticles are made via chemical reduction method using solutions,
tuning the types and concentrations of reductants can be optimized (or
other parameters as reaction time and temperature, and surfactant types)
[103]. Through the method of chemical attack, Chiba et al. exploited
the effect of the gaps between a nanosphere and a film (both silver) to
investigate a gap mode plasmon under an attenuated total reflection [104].
Despite the simplicity, it is difficult to have accurate control over the size
and shape of the desired nanostructures [105]. Many SERS substrates have
been fabricated by lithography based approach, i.e by lithography-based
approach, i.e by focused ion beam (FIB) and electron beam (EBL) [106].
FIB is a direct writing process which utilizes a narrow-scanning ion beam
source about 20 nm diameter, typically of gallium ions [107]. For the de-
tection of the influenza A virus strain, Sivashanmugan et al. have decided
to manufacture a well ordered Au/Ag multilayered nanorod arrays via the
focused ion beam technique, tuning the shape and the thickness of each
layer [108]. Alongside by FIB, Mandelbaum et al. created a structure
made of depressions (open cavities), drilled into the silver layer. A SERS
pixel array was provided as sensors of spatially real-time monitoring of a
chemical reaction, by resolved measuring the chemical pH in fluid [109].
The EBL approach employs the focused electron beam able to perform
patterns with higher resolution down to 10 nm [110], directly on electron-
sensitive resist.
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Figure 3.2. Schematic representation of the diversity geometry of nano-
particles.

The principle of operation is based on the fact that the resist material
(usually polymethyl methacrylate) changes its properties as a result of ex-
posure upon electron, without the use of mask. Ahmed et al. fabricated
an arrays of 50 nm pitch gold nano-dots on fused silica substrates, created
high-quality periodic arrays, using 10 keV EBL [111]. Das et al. proposed
the use of nanoimprinting lithography combined to EBL to fabricate gold
nanopyramids on a polymer substrate, obtaining an uniform pattern [112].
Meanwhile Alvarez-Puebla et al. were able to fabricate grating and pillar
films prepared by nanoimprintig and physical vapor deposition (with no
time-consuming as EBL), using a layer of 200 nm polystyrene as imprint
resist [113]. Nanoimprintig lithography deals with mechanical deformation
of the imprint resist and subsequent processes, resulting in the creation of
nanopatterns. In this case the imprint resist is predominantly a polymer
cured by heat or light UV. The technique’s drawback is the lack of control
over the material quantity that is deposited [114].
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Figure 3.3. Preparation of different Au@Ag NC substrates with different
arrangements and the subsequent SERS detection flow chart [1]. Copyright
© 2022 The Authors. Published by American Chemical Society.

Qi Zhang et. al made a pyramid microstructure coated with silver and
covered with nano silver cubes, combining two fabrication techniques one
is the 3D laser photo-lithography and the self-assembly. The results was to
observe that the hot spot densities were extended along the z-axis in the 3D
SERS substrates [115]. These fabrication techniques allow the fabrication
of various regular geometries with a high spatial resolution. Meanwhile the
lithography-based approaches are extremely expensive, making their use
not worthwhile for large-scale fabrication (due to low fabrication efficiency)
[116]. Large and regular nanostructure patterns can be produced through
a low-cost production process using bottom-up self-assembly techniques,
which is an interesting alternative [117]. SERS active substrates that are
well-ordered have been created successfully through various self-assembly
approaches [20][118][119]. Jun Dong et al. realized a substrate composed
by a gold nanoparticles coated with silver nanocubes [1].
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In figure 3.3 is reported the flow chart of the fabrication process, showing
also the schematic morphology of the substrate. The sample was fabricated
on a substrate of monocrystalline silicon, following the sequence of three-
phase and two-phase liquid-liquid self assembly and evaporation-induced
self-assembly methods. Using this method, different structure with differ-
ent Au@AgNC arrangement patterns were obtained with a regular mor-
phology and uniform size.

Figure 3.4. Dual crystal structures of Ag polyhedra. Top-view SEM charac-
terization of (a) nanocubes, (b) truncated nanocubes, (c) cuboctahedra, and
(d) truncated octahedra.(e–h) FFTs and close-up images of the various assem-
bled structures.(i–l) Cross-sectional characterization of the bulk supercrystals.
Insets are FFTs of the bulk crystal structures.(a–d) Scale bars, 1 µm; (e–l)
scale bars, 200 nm [2].
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Figure 3.5. Schematic illustration of the synthetic process of Ag@C@Ag NPs
[3].

Xiaolin Huang et al. report a controllable and reproducible SERS sub-
strate vesicles based (made up of gold nanoparticles that have been prop-
erly treated), by self-assembly approach [120]. Yih Hong Lee et al. demon-
strated how implement the one assembly with dual structures, for a family
of shape-controlled silver polyhedral, realizing different shape nanostruc-
ture as nanocube, truncated nanocube, octahedra, and cuboctahedra [2].
In figure 3.4 are reported the SEM characterization of the fabricated sub-
strates, using a solvent evaporation-driven assembly system. In addition,
the manufacturing process allow to obtained regular and uniform pattern
(as shown in figure 3.4), with the possibility of controlling the number of
vertices (i.e. the presence of tips) and the shape with accuracy. Xiaoli
Xin et al. report an easy method to fabricate more complex structures
based on self-assembly methodology [3]. The substrates is prepared by
a low-temperature heating-stirring method, subsequently modified with
polyethyleneimine and at least the particles are united using self assembly
technique. The sample is made by a structure composed of silver spheres
with a carbon shell and covered with a layer of smaller spheres of silver.
In figure 3.5 is presented the schematic illustration of the process and
the structure. Among the proposed self-assembly techniques, nanosphere
lithography (NSL) is perhaps the most commonly used method.
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Van Duyne’s group demonstrated the ability to generate a wide variety
of nanoparticles structures and ordered patterns by exploiting regular self-
assembly of nanospheres [121]. Over the years, the same group has sys-
tematically examined the applicability of these structures to SERS appli-
cations. In addition, by further developing the basic concept of the NSL,
many different structures have been fabricated with various morphology
(i.e. rings, rods, dots) [4][122]. In figure 3.6 are reported two substrate,
realized using in combination the nanosphere lithography and annealed
polystyrene nanospheres masks [4]. The SERS active substrates made by
NSL founds place in different field of application, such as chemical and
biological sensing [39], [123]. The NSL has also been specialized to work
efficiently directly on optical fiber tips [25] to produce engineered SERS
optrodes for remote measurements and in-situ biological sensing [124].

Figure 3.6. Fabrication of Nanoscale Rings, Dots, and Rods by Combin-
ing Shadow Nanosphere Lithography and Annealed Polystyrene Nanosphere
Masks [4].

In addition to the aforementioned advantages, fiber optic optorodes allow
to expand the application fields for advanced diagnostics, developing point-
of-care technologies that can be integrated directly into medical devices in
vivo. On the other hand, this technology requires that active SERS sub-
strates are highly regular, uniform with accessible and highly dense hot
spots [26]. On this line, Xiaolei Zhang et al. created a “sunflower-like”
SERS substrate by preparing binary colloidal crystals coated with silver
nanoparticles [125].
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Advanced hierarchical hybrid nanostructures are currently being studied
that are able to extend SERS hotspots into the third dimension (thereby
increasing their spatial density)through controllable low-cost and easy fab-
rication techniques based on NSL. So far, by employing NLS, hierarchical
nanostructures have already been successfully fabricated, consisting of a
nano array with nanocaps or nanotriangles [126], and nanotowers or nan-
odisks [127] demonstrated using NSL.

3.2 Optical fiber SERS substrates

The need to detect the presence of certain molecules may arise in vari-
ous scientific fields. In the field of pharmacology, industrial water discharge
or food safety, the detection of toxic substances [128][129] is fundamental.
In the medical and biological field determine the presence of cancer cells,
it can be vital and support surgical operations and or diagnosis [130]. In
the literature, it is possible to find different works on detection meth-
ods (qualitative and quantitative), depending on the various application
scenarios [131][132][133]. However, these detection methods fail to meet
the requirements for fast, small-sized, online measurements. SERS spec-
troscopy, considered the fingerprint of a molecule, is suitable for use as
a non-destructive test. SERS substrates provide high EF values, but are
not suitable for tests that require short time and in situ detection. In this
context, the optical fiber integrated with an active SERS substrate find his
place [134]. Fiber optic SERS probes represent an excellent synergy be-
tween the sensitivity of Raman spectroscopy and the small-scale versatility
of fiber [135] On the other hand, fiber has unique advantages such as ’flex-
ibility’, ability’ of detection in confined locations, dangerous environments
and or curved paths. In other words, it enables fast, real-time detection
and remote detection [136]. Another important advantage is that it plays
both the guiding role (of light to the sample) and the role of low-loss re-
ceiver (collects the signal emitted by the sample) [137]. In the previous
paragraph, different methods of nanoparticles fabrication method for dif-
ferent types of metallic/non-metallic substrates have been illustrated.
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Figure 3.7. Examples of different SERS active substrate on the optical fiber
tip.

However, fiber optics has a small cross-section, cylindrical surface, and
chemical inertia that do not make it compatible with certain nanoparti-
cle fabrication methods [138]. Nanoparticles, such as nanostars [139] or
nanoflowers [140] (which present high local field enhancement values due
to the high number of hot spots), are difficult to achieve on surfaces such
as fiber optics, as a result fiber optic probes are unfavorable to having a
high sensing sensitivity. Therefore, the substrate and its material must
be designed and studied following the morphological, chemical and elec-
tromagnetic coupling characteristics of the optical fiber. In fact, another
fundamental aspect consists in the matching between the fiber response
with the LSPR response of the metallic nanostructure [141]. Modifying
the end of the optical fiber with SERS substrates composed of gold or sil-
ver nanoparticles is an easy method of coupling the substrate to the fibre
[142]. Through the use of this type of probes it is possible to obtain an EF
in the order of 104÷106, of some order of magnitude lower than the values
obtained with a planar substrate 104 ÷ 1012 [143]. In figure 3.7 is possi-
ble to observe an example of different fabricable substrate on the optical
fiber end face. In some applications, such as medical or biosensing [144],
excellent spatial resolution may be required as well as EF. To optimize the
fiber optic probe, other relevant parameters such as the numerical aper-
ture, fiber length, and nano-array size must be taken into account.
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Other methods of substrate fabrication on the tip of the suitably treated
fiber optic are Sandblast roughening of the silica tips with subsequent
metal coating or the creation of silver nanoislands by evaporation [145]. Fo-
cused ion beam milling and electron beam lithography are two techniques
that allow you to create grating, nanoholes and periodic patterns with
high precision [146][147]. At the same time they are two very expensive
techniques and require long manufacturing times. In the 2016, Yu Lui et
al. proposed the fabrication of a substrate composed of nanoparticles and
made by laser-induced self-assembly technique [148].In the literature you
can find several fiber optic devices integrated with SERS active substrate
for bio-molecular recognition and other application fields [149][150][151].
Over the years, numerous advances have been made, from simple tech-
niques aimed at obtaining homogeneous and uniform substrates to meth-
ods with more complex geometries for the optimization of the number of
hot spots. In the 2022, Zhang et al. manufactured a hexagonally ordered
gold nanospheres array (with 8 nm gap and 32 nm diameter) with a single-
step method based on the self-assembly technique [152]. The substrate was
manufactured by immersion (containing a solution with nanoparticles) di-
rectly on the fiber optic tip with the following characteristics: ≈ 0.5 m
in length, 200 µm core diameter, 0.22 numerical aperture, visible/near
infrared, fused silica fiber, polyimide coating and SMA905 connectors.
Suited for chemical sensing, easily manufactured, the fiber substrate was
tested using the marker 4-aminothiophenol (4-ATP), obtaining a signifi-
cant EF of 3.5 ·104. Despite the advantages mentioned above, this type
of method does not allow to obtain a uniform substrate (probably due to
the not optimized immersion and annealing times). Similarly, the group of
Pisco et al. manufactured several SERS substrates on fiber (classic single
mode) using the self-assembly technique, demonstrating excellent repro-
ducibility, uniformity and variability lower than 10% [153]. In particular,
the approach is based on polystyrene nanospheres that at the interface
between air and water self-assemble in a single-layer colloidal, whose peri-
odic characteristics are defined merely by the size of the chosen particles.
Tested with biphenyl-4-thiol (BPT) a molecule belonging to the family of
thiols (such as 4-ATP), the SERS fiber probe obtained EF values equal to
4 · 104, quite higher than previous substrate.
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Figure 3.8. The experimental process of the self-assembly method of the
fiber SERS probe [5].

Xinghu Fu used a more articulated self-assembly method to build a SERS
probe on a multimodal fiber graded (with core and cladding diameter re-
spectively equal to 62.5 and 125 µm) [5]. In figure 3.8 is shown the fabrica-
tion process used. The method is divided into two phases: a pre-treatment
of the fiber (into piranha solution to hydroxylated the fiber surface) and a
second phase in which the fiber is placed in the centrifuged nano-silver sol.
Following this process they fabricated a substrate on the fiber tip with sil-
ver nanoparticles with exceptional EF values of 1.36·108. A silver-modified
microcavity fiber SERS probe has been manufactured with exceptional re-
sults, but at the same time has the disadvantage that the use of silver
limits its use for biological applications (considering the tendency of sil-
ver to oxidize [154]). The work of Thanh Binh Pham et al. fits in this
context [155], proposing a high EF (2.54·107) SERS fiber probe based on
directly planting gold nanoparticles on the surface of silver nano-dendrites
and fabricated an in-situ growth method with dual-laser assisted. The two
layers of particles were fabricated on a spheroid end-facet optical fiber and
tested with Rhodamine 6G (R6G).
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Figure 3.9. (a) Schematic illustration of the decoration procedures of AuNPs
on the inner surface of suspended-core fiber. The fiber was cleaned with NaOH
solution, functionalized with APTES solution, and AuNPs were immobilized
on the fiber inner surface by bounding to amine groups. (b) Schematic illustra-
tion of the SERS probe based on AuNPs decorated suspended-core fiber. The
SERS signal was collected in a backscattering configuration. (c) Schematic
illustration of the power distribution of the core mode. (d) Schematic illustra-
tion of the power distribution of surface mode. (e) TEM image of synthesized
AuNPs. (f) SEM image of the end face of suspended-core fiber decorated with
AuNPs. Inset: SEM image of the end face of pristine suspended-core fiber. (g)
and (h) SEM images of the inner surface of the fiber decorated with AuNPs.
To expose the inner surface, the fiber was cut obliquely with a blade. In-
sets: Statistical plots of particle spacing [6]. Image © 2022 Optica Publishing
Group under the terms of the Optica Open Access Publishing Agreement. [5].

Despite the peculiarity in using a spheroid end-facet optical fiber, this
SERS probe has the double counterbalance of not having a uniform and
reproducible pattern, given by the randomness in placing the gold nanopar-
ticles and the use of silver that if not sufficiently covered could oxidize. Lei
Zha et al. proposed a SERS probe based on AuNPs decorated suspended-
core fiber made by chemical attachment [6] and showed in figure 3.9. The
probe has reached an EF value of 1.02·108. The peculiarity of this probe
consists in the use of a suspended-core fiber with gold nanoparticles on the
inner surfaces of the suspended-core fiber, by bounding to amine groups
(figure 3.9 b). Particularly innovative and with a high EF, but at the same
time the use of a chemical preparation process, does not allow to control
factors such as the size of nanoparticles and the uniformity of the layer
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Figure 3.10. Experimental process flowchart. (a) Preparation process of
DSF-AgNPs composite structure; (b) fabrication process of microfluidic inte-
grated D-shaped fiber SERS probe; (c) photograph of the fabricated sample
[7]. Image © 2023 Optica Publishing Group under the terms of the Optica
Open Access Publishing Agreement

formed by the nanoparticles [156]. As results shown in figure 3.9 g and
h, the particles are randomly distributed, not allowing to make an assess-
ment on the repeatability and uniformity. Considering the shape of the
optical fiber, Huang Bo realized a D-shaped fiber with silver nanoparticles
[7]. The preparation process of the D-shaped fiber dealt with liquid-liquid
interface method (in figure 3.10 a). In particular, the silver nanoparticles
(chosen with 100 nm of diameter, cause their strong LSPR response)were
synthesized using a seed-mediated growth method. Then the fiber was
inserted into the liquid surface with the nanoparticles (with a 45°angle)
raised and dried to obtain the final structure. The D-shape fiber was pre-
pared through plasma surface bonding. The choice of the fiber was related
to the application as a multi-channel microfluidic SERS probe, as could be
seen in figure 3.10 b and c. The results is involved in EF equal to 1.14·109.
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To gain higher detection limit for molecule detection, Tao Li et al. pro-
posed a tapered fiber coated by silver nanoparticles as a SERS substrate,
fabricated trough a three-step process [157]. The reported study dealt with
the optimization of a tapered fiber angle and the density of silver nanopar-
ticles decorated on the fiber surface. The fabrication method has as first
step the formation of the cone of the multi-modal optical fiber (with a
core-cladding equal to 50-125 µm) and NA = 0.22) through the vertically
immersion into the mixture of hydrofluoric acid and sunflower seed oil for
the corrosion. The second step involved in the nanoparticles synthesis, ac-
cording the detailed procedure described by Lee et al. [158]. The last step
indeed in silver nanoparticles deposition on the tip of the corroded tapered
fiber by an electrostatic adsorption method (after a pre-treatment of the
fiber). From an accurate analysis emerged that the angle of the tapered
fiber decrease as increase the corrosion time. In terms of SERS intensity,
a tapered fiber with a small cone angle provides more active SERS regions
(due to the increase in the lateral surface), allowing light to interact with
more deposited nanoparticles. For a SERS probe (with a cone angle of
12deg and silver nanoparticles adsorption density of 26.67%) tested with
R6G, the average enhancement factor was 5.5 · 106. A density cover equal
to 26.67% is quiet low, considering that it is not possible to obtain a uni-
form layer.

In 2021 [8], Yuting Long et al. have presented a similar probe realized
with Tin(II) chloride sensitization via solvothermal manufacturing pro-
cess, with the difference that the end part of the fiber does not have a cone
structure but a flat end face. A schematic representation of the used set-up
and the sample fabricated is shown in figure 3.11. After mixing a solution
containing polyvinylpyrrolidone, ethylene glycol solution of silver nitrate
and sodium hydrogen carbonate, the obtained solution was poured into
a Teflon autoclave (100 mL). After a process of sensitization, the optical
fiber placed in the autoclave with the solution. The autoclave was sealed
and heated at 413.15 K for 1 hour. Dried under Argon flow, the optical
fiber probe was obtained. The fiber probe adopted was a multimodal fiber
with a core diameter of 62.5 µm and cladding diameter of 125 µm. The
presence of stannous ions improved the adhesion to the surface of the op-
tical fiber end facet by the silver nanoparticles.
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Figure 3.11. SERS setup for SERS optical fiber probe. The optrode con-
figuration by using optical fiber probe adds flexibility and simplicity of SERS
measurement. Excitation light and SERS signal transmit within one single
optical fiber [8].

The reason why the growth rate of the silver particles is increased,
generating active sites for silver to adhere to the fiber surface, causing a
dense distribution and small size of the particle. In others terms, when the
oxygen ions interact with the stannous ion at the optical fiber surface, the
electron cloud is deformed, promoting the formation of bonding between
nanoparticles to the surface of the fiber involved. The resulting substrate
is quite uniform, with an EF equal 6.5 ·105. An year later, Attila Kohut et
al. proposed the same substrate by changing the fabrication method with
a single step manufacturing process [9].
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Figure 3.12. Schematic experimental setup for particle deposition and Ra-
man measurements [9].

The substrate was realized with a spark ablation discharge nanoparticles
generator (described in another work [159]), allowing the direct deposition
of spark generated silver nanoparticles onto the tip of an optical fiber. The
schematic experimental setup used for the fiber optic deposition is repre-
sented in figure 3.12. The study showed that the SERS intensity (of the
selected peak) increases until it reaches an optimal value around 30%-40%
of the transmission (when it increases), followed by a decrease. When
the surface coverage of nanoparticles is low, there is an increase in trans-
mission and a decrease in hot spots (resulting in a decrease in the SERS
signal strength). At the same time, if you increase the surface coverage
considerably you risk creating a layer too often that does not allow you
to transmit light and then excite the surface plasmons (producing a signal
SERS equally little intense). In other words, the SERS signal varies from
regions with low transmission (15%)) to high transmission (50%)). The
results obtained by measuring the R6G on the tip of the fiber, allowed to
estimate the enhancement factor of the probe and is equal to 5 · 104. The
manufacturing method is quite simple but provides an EF of an order of
magnitude less than the SERS probe proposed by Yuting Long et al. [8].
Jang Ah Kim presents a novel fiber optic SERS probe fabricated on the tip
using a simple two-step method, using standard components and materials
[10].
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Figure 3.13. Fiber-Optic SERS Probes Fabricated Using Two-Photon Poly-
merization For Rapid Detection of Bacteria [10].
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A wide range of arrays of both planar substrates and end facet optical
fiber were fabricated. The fabrication process with the fiber optic SERS
probes is outlined in figure 3.13. After a treatment of the end of the fiber
(multimode silica optical fiber with 200-220 µm of core-cladding diame-
ter, 0.22 numerical aperture), the two-photon polymerization (2PP) was
used for yielding the polymeric skeleton of the array. The second step is
to coat the tips of the optical fibers with a metallic layer (gold thin film
of 50 nm thickness). The 2PP is a photopolymerization method, relying
on non-linear two-photon absorption. This process allows to obtain high
resolution additive manufacturing and is also able to provide arrays that
are not fabricable with other methods. This microscale 3D printing tech-
nique has a resolution down to 300 nm in along the axial reference and
100 nm in lateral [160]. Currently, the 2PP technique gained interests by
the scientific community, thanks to its many advantages (low cost and the
possibility of mass production), in different application areas such as mi-
crofluidics, micro-optics and photonics [161]. Moreover, the fabrication by
2PP of small-scale substrates (i.e. microscale sensors [162]) and of sophisti-
cated structures (i.e. miniature acoustic sensor [163]) has been successfully
demonstrated. In the SERS application contest, usually, the 2PP is used
to create polymeric mask or supports. Jang Ah Kim et al. with 2PP fiber
probe were able to realize a probe with a high degree of controllability and
repeatability. Despite the many advantages just listed, this probe presents
a resulting EF pretty low and equal to 0.13 · 104.

The table 3.1 summarizes the main characteristics of the fiber optic SERS
probes described above, for a direct comparison. The structures presented
in table are some of the fiber probes made and present in the literature.
Most of it has been designed for chemical sensing [152], bacteria detec-
tion [10], pesticide detection [157], antibiotics in milk [5], biomolecular
detection [153] and generic molecule detection [6], [7], [157], [8], [9]. What
emerges from this comparison is that it is difficult to obtain a uniform,
reproducible, low-cost substrate with a high EF. In particular, therefore
the realization of fiber optic SERS substrates is still widely studied. The
performance and results of planar substrate fabrication are a long way off.
The realization of SERS fiber optic probes has, without any doubt, purely
application advantages but with an increase in performance losses.
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Table 3.1. Counterpoint between the fundamental characteristics of the
SERS fiber optic substrates presented.

Fabrication Method Material Raman reporter EF Ref.
Self-assembly Gold 4-ATP 3.50 · 104 [152]
Self-assembly Gold BPT 4.00 · 104 [153]
Sol self assembly Silver R6G 1.36 · 108 [5]
Growth method Gold&silver R6G 2.54 · 107 [155]
Chemical reduction Gold Crystal violet 1.02 · 108 [6]
Liquid-liquid interface Silver R6G 1.14 · 109 [7]
Electrostatic adsorption Silver R6G 5.50 · 106 [157]
Solvothermal Silver R6G 6.50 · 105 [8]
Spark Ablation Silver R6G 5.00 · 104 [9]
2PP Gold R6G 0.13 · 104 [10]

To conclude, a state-of-the-art overview of SERS planar and fiber optic
substrates was provided. A substrate to be highly performance must be
homogeneous (also ensuring stability) and above all must have numerous
and understood locations of electromagnetic field. To achieve this goal it
is necessary to have a structure with tips or small nanogaps. By appropri-
ately engineering the architecture, considering extending the geometry in
more dimensions by creating complex hierarchical structures, it is possible
to significantly increase the spatial density and intensity of the hot spots.
In parallel, the choice of material plays a fairly important role. Gold is
the most widely used plasmonic material due to its low electronic losses
and bio-compatibility. Silver is another material that allows to obtain sub-
strates with high performance, but limits the applications due to the lack
of bio-compatibility. As has been observed, a substrate that is homoge-
neous is difficult to obtain if not involving fabrication techniques with long
times and high costs. In this context fits the self-assembly approach that
allows you to obtain complex structures, overcoming the limits of other
techniques (costs and manufacturing times), by realizing hierarchical sub-
strates. Over the years, numerous advances have been made in the field
of fiber optic SERS probes. Despite this, the performance obtained with
planar substrates is certainly higher than those in fiber optics.



Chapter 4
Design of hierarchical
structures as SERS substrate

The proposed device comes from the integration of a substrate with a
hexagonal hierarchy of nanospheres on the tip of an optical fiber, through
self-assembly fabrication. The self- assembly technique allows the realiza-
tion of a planar substrate to be transferred to a fiber substrate. In this
case, the structure is analyzed from an exclusively planar point of view. In
particular the substrate consists of a uniform layer of hexagonal symmet-
rically packed nano spheres (HSN), within the intersection spaces between
the spheres are placed upper spheres, reduced in size. A layer of gold is
deposited above the substrate. In this chapter, the numerical simulations
of the structure will be illustrated, from an electromagnetic point of view,
whit aim of for the designing and optimizing the geometrical parameters.
The simulations are done via the commercially available numerical simu-
lator: "Comsol multi-physics" [164]. Consequently, the main geometrical
parameters that affect the configuration of the HSN substrate are: the
diameter of the DB nanospheres and the diameter, DU , of the (smaller)
nanospheres located on the top, between the bottom nanospheres. In the
next paragraph we will describe the details of the model used and the com-
plete results obtained. In order to obtain an effective performance analy-
sis, the individual HSN structures were compared with a simpler structure.
This structure is a closed packed array with hexagonal symmetry (CPA),
analogous to HSN structures with the difference that it consists of a single
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layer of nanospheres. The chapter is divided into two main paragraphs.
The first paragraph adequately describe the model used: the boundary
conditions, materials, mesh and includes the electromagnetic description
used. The second paragraph focuses on showing the results obtained by
simulating a complete analysis. In detail, the analysis involves three diam-
eters of the bottom nanospheres, which are: 500 nm,750 nm and 1000 nm.
For the above bottom diameters, the respectively diameters of the upper
spheres are varied for values of δ corresponding to the range from δ = 0.24
to δ = 0.56. The δ ratio is defined as δ = DU/DB,in other words is the
ratio between the diameter of the upper spheres and the diameter of the
bottom spheres. For comparison, therefore the CPA has been simulated
for diameters equal to bottom spheres (500 nm,750 nm and 1000 nm). The
wavelength range of interest is from 600 nm to 1200 nm, taking in mind
that the fingerprint region goes from 785 to 910 nm.

4.1 Numerical model design

The proposed device was numerically analyzed by modelling the struc-
ture using the commercial software Comsol Multyphisics, based on the fi-
nite element method (FEM). The FEM method is a numerical technique to
look for approximate solutions of problems described by partial differential
equations by reducing the latter to a system of algebraic equations. In gen-
eral, the finite element method is well suited to solving partial derivative
equations when the domain has complex, variable, non-homogeneous form
and/or when it lacks regularity. The electromagnetic numerical model of
the structure is simulated through the "radio frequency" module of Com-
sol, by using the following equations:

∇× µ−1
r (∇× E)− k20

(
ϵr −

jσ

ωϵ0

)
E (4.1)

∇× (∇× E)− k20ϵrE = 0 (4.2)

ϵr = (n− ik)2 (4.3)

The simulated structure is in 3-D where, exploiting the symmetry of the
system, it was possible to reduce the computational domain to the unit
cell.



4.1. Numerical model design 51

Figure 4.1. (a) Computational domain of the unit cell simulated; (b) Differ-
ent side view of the substrate with specified the reference quantities

Reducing the structure to a single unit cell, not only does not make the
results fallacious but also simplifies the structure, making the simulations
inexpensive from the computational point of view and the time spent.
In figure 4.1a-b, the rectangular unit cell is shown and it is composed
by a centred sphere placed in the origin, enclosed by truncated spheres
in half (bottom spheres). In the intersection sites between the bottom
spheres is placed a second layer of spheres (upper spheres), reduced in
size. The external upper spheres are truncated accordingly to bottom
spheres. A conformal layer to the outer surface of the gold domain is
made, consisting of air. This layer was created with the aim of evaluating
the electromagnetic field diffused in it. In figure 4.1 is shown the conformal
layer, and it is possible to observe that the layer follow the shape of the
gold domain. The conformal layer was placed with a thickness of 10 nm,
whereas the SERS effect takes place on the outer surface of the gold layer
and decays exponentially. Both the upper and bottom nanospheres are
made of polystyrene and covered with a 30 nm thick layer (called tg ) of
gold. The HSN is placed on a slice made of glass. Along the positive z
axis, the air domain is extended from the hierarchical binary structures
up to four times the big sphere diameter (i.e hair). In parallel along the
negative z axis, the glass domain is set to the period of the unit cell (i.e
hglass).
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Figure 4.2. Periodic condition applied: (a) Source, (b) Receiver, (c) Floquet’s
condition.

For both domains, the lateral dimensions are respectively equal to p1 =
tan(π/3) ·DB and p2 = 2DB (figure 4.1 a). For each domain was set the
refractive index to define the material. The refractive index of the gold is
taken from the data set made available from Johnson and Christy [165].
All the refractive index of the materials used and the dimensions of each
domains are listed in the table 4.1. On the top of the structure is set the
active port condition (source: figure 4.2 a) and on the bottom the passive
port condition (receiver: figure 4.2 b). In the source port, the incident
field is modeled as a linear polarized plane wave along x (with a power of 1
Watt) and the port is defined as "periodic" with diffracted order calculation
enabled. The Floquet’s periodic condition was applied and placed two by
two on the opposite side walls of the structure for each domain (air, gold
+ polystyrene and glass). In figures 4.2 c it is possible to see the Floquet’s
conditions applied, setting for each domain the respectively wave vectors.

Table 4.1. The refractive index and thickness of the materials used.

Material Thickness-height Refractive index
Air 5 ·DB 1
Gold 30 nm P. B. Johnson and R. W. Christy [165]
Polystyrene DBorDU 1.6
Glass 2.5 ·DB 1.45
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Figure 4.3. (a)Reflectivity spectrum obtained for MF1 and MF2, (b) Reflec-
tivity difference between MF1 and MF2

This condition allows to replicate infinitely the unit cell in all direction.
Floquet’s periodicity is mainly used for frequency domain problems for
structure with spatial periodicity of geometry and solution. Using the
following equations, the Floquet’s boundary condition is defined as:

Edst = Esrce
ikf (rdst−rsrc) (4.4)

Where Edst and Esrc are the electromagnetic field for the destination and
source, respectively. Free triangular mesh is set for the boundary domain,
instead for the remain domain is set the tetrahedral mesh. To have a stable
model and not affected by the mesh, a series of simulations were made by
varying the mesh. In particular, two meshes were compared on a structure
with a bottom sphere radius equal to 1000 nm and an upper sphere radius
equal to 240 nm. The first mesh (MF1) has a maximum element size of
100 nm, while the second mesh (MF2) has a maximum size of 120 nm.
In figures 4.3, the reflectivities are shown, compared to the two meshes
considered and in figures, you can see the difference between the two re-
flectivities to highlight possible variations. The displacement between the
two reflectivities has a value less than 0.035. It is allowed to proceed using
the MF2. The mesh has not been completed since the differences between
the meshes analysed were negligible, moreover the single simulation takes
more than 24 hours to carry out an analysis considering 60 solutions.
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Figure 4.4. Representative mesh of the binary structure

In other words, simulating the wavelength range from 600 nm to 1200
nm with 10 nm pitch with MF2 for a structure (fixed diameters) takes 24
to 48 hours (depending on the diameter chosen). In figure 4.4, it is possible
to see the MF2 used during the following simulations. Both the dimensions
of the domains (of air and glass) dimensions were chosen in such a way that
they did not affect the system response (following a preliminary analysis,
aimed precisely at ensuring the stability of the system to the variation of
the nanospheres sizes). As described previously in the introduction, the
simulations performed were evaluated in terms of the fourth power volume
integral of the ratio of the local field to the incident field. The incident
field (E0) was calculated using two methods: analytical and numerical, for
a confirmation of the actual value. Whereas in the simulations an incident
plane wave with a relative power of 1 W is set. The actual power consid-
ered by the simulator is equal to the relative power divided by a factor of
4, in other words is equal to 0.25 W.
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Therefore, considering that the power density is proportional to the in-
cident field, the following relationship is obtained:

D =
ϵ0 · c · E2

0

2
⇔ E0 =

√
2 ·D
ϵ0 · c

(4.5)

Where ϵ0 is the dielectric constant of vacuum, c is the speed of light in
vacuum and D is the power density. The power density is calculated as
follow:

D =
Pin/4

Ab
(4.6)

Keeping in mind the figure 4.1 a, the surface area Ab corresponds to the
base area defined as the product between the two sides of the port (p1 and
p2). The quantity Pin is the power input, divided by a factor 4 to make a
comparison with the numerical calculation (since the effective power that
is generated by the port in Comsol is exactly the power input divided by
4). Under this consideration the power density is:

D =
0.25W

8.66 · 10−13m2
= 2.887 · 1011W/m2 (4.7)

By the analytical method, consequently the incident field was found to be
equal to:

E0 =

√
2 ·D
ϵ0 · c

≈ 1.47 · 107 V

m
(4.8)

To be sure of the value used, at the same time the numerical method
simulated a structure with the same previous conditions in the absence
of the substrate (in the absence of the spheres and the gold layer) was
used. Along a cut line the average value of the field has been calculated.
The cut line extended from one port to another (from the source to the
receiver), crossing the entire computational domain. The incident field us-
ing this method turned out to be E0 ≈ 1.47 · 107V/m. Whereas the two
methods converged, in subsequent simulations for the relationship with
the local field (for the calculation of the volume integral) is considered
E0 = 1.47 · 107V/m. The light source is a linear x-polarized plane wave
that propagates in air and incident orthogonally to the HSN.
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Figure 4.5. (a) Computation domain for a periodic HSNs (b) Electromag-
netic field distribution normalized to the incident light intensity.

Numerical analysis provides the total electromagnetic field ETOT in the
range of wavelengths of interest. The figure 4.5b shows the distribution of
the total electric field normalized to the incident electric field E0 for the
wavelength λ = 785 nm, considering the reference structure having DB=
750 nm, DU= 360 nm, tg= 30 nm. From the point of view of the SERS
signal, the total field distribution in the computation domain is irrelevant.
However, it is interesting to note that the electromagnetic field distribu-
tion is the plane wave, which propagates along the z-axis causing a local
perturbation at the interface with the HSN.
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In fact, considering an active SERS substrate, the iteration originating the
SERS signal, between the target molecule and the substrate itself takes
place only near the metal surface. Three set of simulation are performed,
considering the diameter of the bottom spheres equal to DB = 500 nm,
DB = 750 nm, and DB = 1000 nm. Once the diameter of the bottom
spheres is fixed, the upper diameter DU is varied keeping the ratio (δ)
between the two diameter in the range: δ = [0.24 : 0.4 : 0.56]. In the table
4.2 are presented the diameter of the upper spheres for each set.

Table 4.2. Diameter of spheres simulated with the respectively s.

DB = 500 nm DB = 750 nm DB = 1000 nm
δ DU δ DU δ DU

0.24 120 nm 0.24 180 nm 0.24 240 nm
0.28 140 nm 0.28 210 nm 0.28 280 nm
0.32 160 nm 0.32 240 nm 0.32 320 nm
0.36 180 nm 0.36 270 nm 0.36 360 nm
0.40 200 nm 0.40 300 nm 0.40 400 nm
0.44 220 nm 0.44 330 nm 0.44 440 nm
0.48 240 nm 0.48 360 nm 0.48 480 nm
0.52 260 nm 0.52 390 nm 0.52 520 nm
0.56 280 nm 0.56 420 nm 0.56 560 nm

4.2 Numerical results analysis

This section presents the results obtained by simulating the structures
listed in the table 4.2. In figure 4.6 are presented the reflectivity spec-
trum of the three set of simulation performed. In figure 4.6 a-c are showed
the reflectivity spectrum for DB = 500 nm with δ = [0.24 : 0.4 : 0.50].
Meanwhile, the reflectivity is presented in figure 4.6d-f for DB = 750 nm
with δ = [0.24 : 0.4 : 0.50] and, in figure 4.6 g-i for DB = 1000 nm with
δ = [0.24 : 0.4 : 0.50].
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Figure 4.6. Reflectivity spectrum for: a) DB = 500 nm with δ = [0.24 :
0.4 : 0.32], b) DB = 500 nm with δ = [0.36 : 0.4 : 0.44], c) DB = 500 nm with
δ = [0.48 : 0.4 : 0.56], d) DB = 750 nm with δ = [0.24 : 0.4 : 0.32], e) DB = 750
nm with δ = [0.36 : 0.4 : 0.44], f) DB = 750 nm with δ = [0.48 : 0.4 : 0.56],
g) DB = 1000 nm with δ = [0.24 : 0.4 : 0.32], h) DB = 1000 nm with
δ = [0.36 : 0.4 : 0.44], i) DB = 1000 nm with δ = [0.48 : 0.4 : 0.56].

Increasing the ratio between the spheres, considering the figure 4.6 a, d and
g the maximum peak present in the spectrum undergo a slight left shift,
lowering the intensity. Observing the figure 4.6 b, e and h the opposite
phenomenon occurs, the spectrum undergoes a shift towards high wave-
lengths and at the same time the maximum peak disappears. Increasing
δ, the upper spheres grew and begin to make their influence felt, due to
the comparable size with the bottom spheres. It is possible to observe this
mechanism in the figure 4.6 c,f and i. The figure 4.6 a to c, d to f and g
to i, shown that the maximum peak of reflectivity exhibits a shift to high
wavelength, when the radius of the bottom spheres is increased.
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To compare the performance of the different structures, a figure of merit is
considered. This figure of merit provides an estimate of the wavelengths at
which the best SERS performance is expected. The figure of merit chosen
is the volume integral (VI). Considering that the field decreases rapidly
away from the surface of the nanostructure [38], to estimate the amplitude
of the generated SERS signal, only the field diffused within 10 nm from
the surface of the HSN is considered and the volume integral (VI) is cal-
culated on a 10-nm thickness conformal layer overlap on gold layer, of the
following quantity:

V I =

∫∫∫
V

∣∣∣∣ETOT

E0

∣∣∣∣4 dV (4.9)

Where ETOT is the local electromagnetic field and E0 is the incident field.
The volume integral (VI) takes into account all and the various contribu-
tions generated by the individual hot spots between the nanospheres. The
VI provides information on the enhancement of the magnetic field and
therefore of the corresponding SERS signal generated by the HSN sub-
strate, in the spectral range of interest. The VI was calculated for each
substrate analysed.

Actually, the numerical model (as well as the volume integral) was already
adopted in the work from Managò et al. [26], which analyzed the simple
CPA structure and compared the results with the experimental data. The
same CPA is used in this work as a reference to the binary hierarchical
structure. Analysing the volume integral shown in figure 4.7, the best per-
formances are obtained for δ equal to 0.44, δ equal to 0.48, and δ equal to
0.52 respectively for each set: DB=500 nm, DU=750 nm and DB=1000
nm. As the diameter of the bottom spheres increases, the maximum peak
decreases and moves to a greater wavelength. The fact that the peak max-
imum is obtained in a configuration in which the upper spheres assume a
size that is comparable to the large ones, is mainly due to the increase in
the number of hot spots, present in the substrate. In order to carry out
an accurate performance analysis for each simulated spheres diameter, for
each volume integral two fundamental parameters have been extrapolated
: the maximum value and the average value.
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Figure 4.7. Volume integral for: a) DB = 500 nm with δ = [0.24 : 0.4 : 0.32],
b) DB = 500 nm with δ = [0.36 : 0.4 : 0.44], c) DB = 500 nm with δ =
[0.48 : 0.4 : 0.56], d) DB = 750 nm with δ = [0.24 : 0.4 : 0.32], e) DB = 750
nm with δ = [0.36 : 0.4 : 0.44], f) DB = 750 nm with δ = [0.48 : 0.4 : 0.56],
g) DB = 1000 nm with δ = [0.24 : 0.4 : 0.32], h) DB = 1000 nm with
δ = [0.36 : 0.4 : 0.44], i) DB = 1000 nm with δ = [0.48 : 0.4 : 0.56].

The average estimation of the volume integral (AVI) has been calculated
in the wavelength range from 785 nm to 910 nm. If we take as a reference
the response of the BPT (as Raman reporter), the range has been chosen
in such a way that the peaks relative to the Raman shift (which occurred
approximately between 1080 and 1600 cm−1) are included in the range of
wavelengths considered. The maximum volume integral (MVI) was evalu-
ated across the simulated wavelength range.
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Table 4.3. Numerical results for CPA.

DB MVI AVI
[nm] [µm3] [µm3]

500 517.59 485.96
750 39.40 21.40

1000 21.42 2.89

For each substrate, the value of MVI and AVI, has been compared to the
respective value of CPA. The relative values of CPA are present in the ta-
ble 4.3. Increasing the size, both the MVI and the AVI decrease. The MVI
changes from a value of ≈ 518 µm3 to ≈ 21 µm3 (respectively for DB=500
nm and DB=1000 nm). Likewise, the AVI is reduced by a factor of 48
(from DB=500 nm to DB=1000 nm). The fundamental results obtained
for hierarchical substrates are summarized in the table 4.4. In particular
as said previously, the parametric analysis respect to MVI and AVI reveals
that the optimal structure is obtained for δ equal to 0.44,δ equal to 0.48,
and δ equal to 0.52 respectively for each set: DB=500 nm, DU=750 nm and
DB=1000 nm. Considering the table 4.4, the size increasing of the large
spheres produces a decrease in terms of MVI, at the same time working
with too small spheres does not allow to fabricate uniform and stable sub-
strates. In particular, the substrate with DB = 500 nm and δ equal to 0.44
has a maximum value of the volume integral compared to the CPA of about
27 times higher than the CPA, while the structure with DB = 750 nm and
δ = 0.48, about 167 and that with DB = 1000 nm and δ = 0.56 about 654.
The analysis of the MVI values shows that by increasing the diameter of
the upper spheres the performance increases significantly. Compared to
CPA, the structure with DB = 750 nm and δ = 0.48, has a value of about
6 times higher than the structure with DB = 500 nm and δ = 0.40 and
1.8 less than the structure with DB = 1000 nm and δ = 0.52. In terms of
AVI, the structure with DB = 500 nm has a very low value of less than
≈ 4 µm3, except for the structure with δ = 0.44 wih a value of about 3138
µm3. For substrates with DB = 750 nm and δ values between 0.40 and
0.56, the AVI values increase from 73 to 400 µm3.
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Table 4.4. Numerical results for each diameter.

DB

[nm]
δ

MV I
[10−17]

MV IHSN
MV ICPA

AV I
[10−17]

AV IHSN
AV ICPA

500 0.24 21.000 0.041 3.270 0.006
500 0.28 8.250 0.015 0.710 0.001
500 0.32 6.370 0.012 0.410 0.001
500 0.36 24.550 0.047 0.880 0.002
500 0.40 279.880 0.541 6.320 0.013
500 0.44 14302.200 27.632 3138.900 6.459
500 0.48 1251.710 2.418 38.680 0.079
500 0.52 95.050 0.183 6.070 0.012
500 0.56 43.410 0.083 3.310 0.006
750 0.24 30.580 0.775 16.000 0.760
750 0.28 14.390 0.365 06.500 0.306
750 0.32 34.080 0.864 37.000 0.173
750 0.36 0.650 0.016 3.600 0.016
750 0.40 126.400 3.204 73.000 3.431
750 0.44 551.080 13.970 150.000 7.008
750 0.48 6621.900 167.877 400.000 19.086
750 0.52 260.330 6.599 210.000 9.943
750 0.56 32.650 0.827 260.000 1.223
1000 0.24 15.500 0.723 1.680 0.58
1000 0.28 18.710 0.873 2.880 0.976
1000 0.32 23.470 1.095 15.970 5.529
1000 0.36 32.110 1.499 18.180 6.293
1000 0.40 77.300 3.608 13.630 4.718
1000 0.44 116.120 5.420 16.420 5.682
1000 0.48 95.690 4.467 23.490 8.132
1000 0.52 6546.800 305.612 851.450 294.683
1000 0.56 23.230 1.084 5.150 1.783

For this type of substrate the values of AVI, generally are elevated,
with differences respect the other structures that introduces a high peak
for a single structure and extremely low values for the others.
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For example, the structures with DB = 1000 nm have (as for structures
with DB = 500 nm) a maximum peak of AVI (for δ = 0.52) equal to
851 µm3, twice times the previous structure, but for other delta values
the AVI is lower than a value of 20 µm3. From this analysis emerges
that the upper nanospheres play an important role. As the diameters of
the upper nanospheres increase, they form an additional model of packed
nanospheres, which in turn generate hot spots at the point of contact
between the nanospheres. Furthermore, additional nano-gaps that form
between the upper nanospheres create hot spots, increased in number and
in tems of intensity. When the upper nanospheres have a small diame-
ter, occurs that they do not interact with each other and therefore have a
negligible contribution to the overall enhancement of the electromagnetic
field. This is why it is important to take into account the presence of
nano-gaps due to upper nanospheres in the analysis to improve substrate
performance. Based on geometric considerations, it is possible to estimate
the expected separation between the upper nanospheres and when they
are in contact. For the geometric construction, the upper nanospheres are
located precisely in the orthocenters of the triangle, formed by the bot-
tom spheres. The triangle is constructed by considering the vertices in the
centers of three adjacent bottom nanospheres. Taking the figure 4.8 as a
reference, the points lines represent two triangles having vertices in the
center of the bottom nanospheres, represented in the figure as blue blank
spheres, while the light green nano-spheres are the upper spheres. The
bold line represents the heights of the triangles, whose intersection gives
origin to orthocenters, consequently the reds dots represent the respective
orthocenters O1 and O2. The distance between the two adjacent orthocen-
ters (O1 and O2) is equal to:

O1O2 =

√
3 ·DB

3
(4.10)

At this point it is easy to estimate the separation, called "s", between the
upper spheres both when in contact and when they are simply adjacent.
Taking into account the diameter of the bottom nanospheres (DB), the
upper nanospheres DU and the thickness of the gold layer (tg),
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Figure 4.8. 2D schematic representation of the geometric construction of
orthocenters (O1 and O2) and the separation (s), between two adjacent upper
nanospheres

the separation cloud be calculated as follow:

s =

√
3 ·DB

3
−DU − 2tg (4.11)

Of course, for negative values of s, the upper spheres are in contact with
each other (e.g. for δ ≤

√
3/3 ≈ 0.577); while for values of δ ≈ 0.577, the

upper spheres cannot position themselves in the orthocenters. In the table
4.5 are listed the corresponding value of "s" for each substrate analysed.
The best performance comes from structures with geometrical parameters:
DB = 500 nm with δ = 0.44, DB = 750 nm with δ = 0.48 and DB = 1000
nm with δ = 0.52. Considering the observation made about the separation
"s" and the relative gaps, it is interesting to note that the performance
improve when the upper spheres are approaching. In fact, the structures
with the best performance, correspond to the substrates with minor gaps.
This occurs except for structures with bottom spheres diameter equal to
DB = 1000 nm, where the best substrate has upper spheres directly in
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Table 4.5. Diameter of spheres simulated with the respectively s.

DB = 500 nm DB = 750 nm DB = 1000 nm
δ s δ s δ s
0.24 109 0.24 193 0.24 277
0.28 89 0.28 163 0.28 237
0.32 69 0.32 133 0.32 197
0.36 49 0.36 103 0.36 157
0.40 29 0.40 73 0.40 117
0.44 9 0.44 43 0.44 77
0.48 contact 0.48 13 0.48 37
0.52 contact 0.52 contact 0.52 contact
0.56 contact 0.56 contact 0.56 contact

contact. As proof of the above concept, in figure 4.9 a-b, the reflectivity
and volume integral (VI) calculated for two HSN substrates, exhibiting dif-
ferent ratios (δ) between diameters, are shown. In particular, we consider
two structures with a bottom diameter of 750 nm and upper diameter of
210 nm and 330 nm (with δ = 0.28 and δ = 0.44 respectively). The two
structures show a similar trend in terms of reflectivity, despite the volume
integrals are pretty different. In fact, the structure with δ = 0.44 has a
volume integral (V I ≈ 10−16) of an order of magnitude greater than the
substrate with δ = 0.28 (V I ≈ 10−17). The highest value of the inte-
gral volume is generated directly by the "hot spots", present between the
nanogaps between the adjacent nanospheres. Considering a cutting plane
along the x and y axes, in figure 4.9 c-d, the maps relative to the distri-
bution of the electromagnetic field are reported. To easily highlight the
improvement in order of magnitude of the total electromagnetic field with
respect to the incident plane wave, the field distribution is represented in
terms of log (|ETOT /E0|)4, at two wavelengths: λ = 785 nm and λ = 900
nm. Assuming the incident wavelength is 785 nm, the spectral range asso-
ciated with the region of the Raman fingerprint of interest (i.e the regions
lower than 1800cm−1) corresponds approximately to the range from 785
nm to 915 nm. Considering the figure 4.9 c-d, it is interesting to note how
the plane wave is able to excite the surface plasmons, generating hot spots
between the intersections between the nanospheres.
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Figure 4.9. (a-b) Reflectivity and volume integral on the 10nm conformal air
overlay of the forth power of the normalized electric field; (c-d) electromagnetic
field distribution normalized to the incident light intensity along the xy cut
plane

In particular in figure 4.9 c, it is possible to notice that the upper spheres
do not give an effective contribution in the generation of the hot spots,
created exclusively by the bottom nanospheres. In contrast, in figure 4.9
d, HSN exhibits a higher number of hot spots. The reason why is that
the superior nanospheres contribute to the global enhancement by forming
new hot spots, located in the intersections between the upper and lower
spheres. So always looking at the figure 4.9 c-d, it’s clear that the config-
uration with δ = 0.44 provides an effective enhancement in both intensity
and number of hot spots. Increasing the values of δ does not necessar-
ily represent an improvement compared to the simplest configuration, in
fact there is not always an improvement in performance. This analysis
further confirms the generic analysis carried out above, highlighting some
differences between structures. To complete the analysis, two simulations
varying the polarization were made for a substrate with DB = 750 nm and
δ = 0.28 and 0.44.
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Figure 4.10. Reflectivity and volume integral for (a) DB = 750nm, δ = 0.28
and polarization along x, (b) DB = 750nm, δ = 0.44 and polarization along x,
(c) DB = 750nm, δ = 0.28 and polarization along y, (d) DB = 750nm, δ = 0.44
and polarization along y.

The chosen polarization does not affect the main results of the reported nu-
merical analysis. The resulting volume integrals for both polarizations are
very similar. Specifically, we observed that different polarizations excite
a different hotspot distribution, but the intensity and number of hotspots
remains the same. The above simulations and their results have been ob-
tained by spreading the substrate with a plane wave polarized along x . By
changing polarization from x to y, great differences in the obtained results
are not so evident. The figure 4.10 shows the volume integrals and reflec-
tivity for the two substrates examined. In particular, in the figure 4.10a
and c are taken the results obtained for a structure with bottom spheres
diameter of 750 nm and upper diameter of 210 nm (with δ = 0.28), re-
spectively under polarization x and y.
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Figure 4.11. The electromagnetic field distribution, in terms of
log10(|ETOT /E0|4) for: (a-b) DB = 757nm, δ = 0.28 and DB = 757nm, δ =
0.44 polarized along x; (c-d) DB = 757nm, δ = 0.28 and DB = 757nm, δ =
0.44 polarized along y

While in the figure 4.10b and d, are the results for a structure with bottom
spheres diameter of 750 nm and upper diameter of 330 nm (with δ = 0.44),
respectively under polarization x and y. For the structure with δ = 0.44,
the reflectivity for the y polarization is slightly lower, for wavelengths rang-
ing from 750 to 900 nm, with respect to the polarization along x. In terms
of volume integral, values in the wavelength range from 750 to 900 nm
are lower for the polarization along y respect polarization along x. The
reflectivity spectra of the long polarization x and y for the structure with
delta equal to δ = 0.28, have no obvious differences. To better under-
stand, the maps with the electromagnetic field distribution are shown in
the figure 4.11. The electromagnetic field maps are taken along the xy cut
plane and, represented accordingly to the formula log (|ETOT /E0|)4. In
the figure 4.11 a-b, are showed the maps for DB = 757nm, δ = 0.28 and
DB = 757nm, δ = 0.44 with a polarization along x and, in figure 4.11c-d
with a polarization along y. Field maps were considered for the two most
relevant wavelengths (785 nm and 900 nm).
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The intensity and the number of hot spots remain unchanged, while chang-
ing the position as the polarization changes. The intensity of the electro-
magnetic field along the two polarizations remains unchanged, except for
slight decreases, with reference mainly to hot spots. Considering the polar-
ized structures along y there is a slight decrease of the intensity compared
to the other polarization due to the small decrease of the integral of vol-
ume at low wavelengths (approximately around 750 to 900 nm). Instead,
the hot spot position changes, changing polarization. In the table 4.6,
the differences between the polarizations in terms of AVI, already intuited
through the figure 4.10, are better deduced.

Table 4.6. Numerical results obtained for polarization.

Sample AVI [µm3]

DB δ Polarization x Polarization y
757 0.28 6.50 6.50
757 0.44 149.70 133.30

Considering the substrate with δ = 0.28, the values of AVI are equal while
for delta the values of AVI are slightly lower for long polarization y (as
shown also in figure 4.10d). The differences present are quietly negligible.
To briefly summarize a large set of simulation varying the diameters of
the spheres was carried out. The structures with the best presentations
are those with δ = 0.44, 0.48 and 0.52, respectively for values of bot-
tom spheres diameter equal to DB = 500, 750 and 1000 nm. Changing
polarization from x to y, does not affect the response of the substrates. In-
creasing the diameter of the bottom spheres, increases the volume integral
compared to CPA. Instead, CPA performance decreases as the diameter of
spheres increases. By keeping the diameter of the bottom spheres constant
and increasing the size of the upper spheres, the performance grow to a
maximum to decrease progressively.
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To summarize, hierarchical substrates with a double layer of spheres of
different diameters of polystyrene has been simulated. Keeping the diam-
eter of the bottom spheres fixed for values equal to 500, 750 and 1000 nm,
the diameter of the upper spheres has been changed, respectively for δ
values from 0.24 to 0.56.

The average volume integral on the 10nm conformal layer (on the gold sur-
face) was used as figure of merit to evaluate the substrates performance.
The numerical analysis showed that structures with delta values of 0.44,
0.48 and 0.52 (respectively for bottom sphere values of 500, 750 and 1000
nm) had the best performance compared to other structures, and above
all respect the CPA.

To complete the analysis a study on the changing of the incident light
polarization, going from x polarized to y polarized plane wave, was con-
ducted. The chosen polarization does not affect the main results of the
reported numerical analysis.



Chapter 5
Fabrication and morphological
characterization of
hierarchical SERS substrate

This chapter is described the methodology used to manufacture sub-
strates and the results obtained after the morphological characterization.
Two different self-assembly approaches were used to manufacture the sub-
strates: co-deposition and sequential deposition. In the first paragraph,
a detailed description on the manufacturing method and the geometrical
characteristic of the fabricated samples. In the following section is de-
scribed the set-up used to characterize the substrates manufactured. In
the last paragraph is given a accurate description of the morphological
outcomes obtained. In particular, the problems encountered, the main
parameters of influence of the manufacturing process and the possible as-
pects to work on to improve the structures are deepened. The Fabrication
and the morphological acquisition by Scanning elettron microscopy were
implemented with the collaboration of the Institute of Chemical Sciences
and Technologies "G. Natta" (SCITEC), Milan, Italy.
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Figure 5.1. Schematic representation of the two approaches used for the
nano-fabrication of HSNs: (a) co-deposition and (b) sequential deposition.

5.1 Fabrication process

To validate the results obtained by numerical analysis, several active
sers substrates with hierarchical nanostructures were created using two
distinct manufacturing methods. Based on the principle of self-assembly
of nanospheres of two different diameters in an orderly way, the manufac-
turing process is distinguished in two primary approaches: co-deposition
and sequential deposition, as illustrated in the figure 5.1 [166][167]. In the
first approach, a solution containing nanospheres with different diameters
self-assembles in a single step (figure 5.1a). While, the sequential deposi-
tion approach consists essentially of two phases (figure 5.1b): the former is
the self-assembly of a single layer of bottom spheres (larger diameter) and
then add over a second layer of upper spheres (smaller diameter). In other
words, both approaches allow for a hierarchical structure with a lower layer
of compact spheres, whose interstices are occupied by the upper spheres.
Considering that each method has its own distinct constraints, the choice
between the two methods is defined by the specific type of HSN substrate
desired. Self-assembly methods significantly affect structures, due to the
fact that the process used for hierarchical structures of binary colloidal
crystals is considerably more complex (compared for example to a closed
packed array structure). The co-deposition approach allows a large-scale
HSN substrate to be produced in a single step.
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Figure 5.2. Schematic representation of the HSN structure.

The approach exploits the cohesive forces between the particles at the
water air interface. In particular the bottom spheres serve as a guide for
the upper spheres that are positioned between the interstitial sites formed
by the bottom spheres, forming a layer (method typically used to manufac-
ture the CPA). The process of co-deposition of polystyrene nanospheres to
produce HSN active substrates on silica at the air/water interface has been
successfully carried out. In this type of approach there are two fundamen-
tal parameters that greatly affect the formation of nanosphere structures
in an orderly and uniform layout. The parameters are the dimensional
ratio between the nanosphere diameters (δ = DU/DB) and the number of
nanospheres dissolved in the solution. These parameters must be chosen
within a reasonable range. The number of nanospheres in solution is cal-
culated as:

NU/B =
VU/B

δ3
(5.1)

where NU/B is the ratio of the number of upper and bottom nanospheres,
while VU/B is the ratio of the volumes of the two solutions (with the same
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concentration). By considering the structure HSN shown in the figure 5.2
as target, NU/B should be placed equal to 2 (therefore the value of VU/B

is defined according to the size of the nanospheres). The single deposition
approach has been successfully used in the manufacture of HSN substrates
having the following geometric characteristics: DB = 757 nm, DU = 196
nm, δ = 0,26 and VU/B= 0.05 (theoretical = 0.035). A slightly higher
VU/B value (theoretically obtained) was used, due to the fact that several
manufacturing tentative with theoretical VU/B values led to structures with
defects and missing spheres. These areas with missing nanospheres are due
to the fact that the upper spheres tend to be trapped at defective sites, im-
poverishing the rest of the array. That is why, a slight excess is necessary
and allows to manufacture expected and uniform hierarchical substrates.
Polystyrene nanospheres (acquired at the microParticles GmbH, Berlin)
were used for manufacture all the substrates, subsequently were covered
with a 30 nm layer of gold.

In particular, two structure were fabricated using the co-deposition: the
HSN1 (hierarchical structure with two layer of spheres) and the CPA
(closed packed array with one layer of spheres). HSN1 and CPA were
manufactured using the following parameters/products:

• CPA substrates [25]: fabricated by spreading on water a hydroalco-
holic solution with 60 (µL) of spheres (5%w/v) aqueous suspension
and 40 (µL) of EtOH. Collected on cleaned glass substrates, the col-
loidal crystal was pre-treated with oxygen plasma to increase their
hydrophilicity. The substrate has a diameter of the spheres equal to
757 nm.

• HSN1 substrates: fabricated as above, using a hydroalcoholic solu-
tion with mixing 3 (µL) of upper spheres (5%w/v) and 60 (µL) of
bottom spheres (5%w/v) aqueous suspensions (volume ratio 0.050),
with 40(µL) of EtOH. The geometrical parameter of the structure
are: DB= 757 nm,DU= 196 nm and δ= 0.26.

According to a study by Z. Dai et al.[168], to have ordered and uniform
self-assembled systems, δ must not exceed the values of 0.3-0.4. In the fig-
ure 5.1b, are shown the steps on which the sequential deposition is based.
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As the first step the co-deposition is used to form a single layer of bottom
spheres, after a phase of thermal stabilization, we proceed by depositing
a second layer of spheres with a lower diameter (upper spheres), over the
first layer by spin-coating. This approach, respect co-deposition only, al-
lows to overcome the imposed limits (relative to the δ values) and the
geometric limitations are determined exclusively by the achievable geom-
etry. By keeping the diameter of the bottom spheres DB fixed, it was
possible to make different substrates with upper diameter DU = 350, 425
nm (respectively denominated HSN2 and HSN3). To prepare HSN2 and
HSN3, a single layer of spheres (with 757 nm diameter) were first prepared
using the co-deposition method (illustrated in figure 5.1a). Subsequently,
the substrates were annealed at 60◦C for 30 min to stabilize the structure.
The upper sphere solution were spin-coated at 2500 rpm on top of these
substrates (i.e the second step of the fabrication process, see figure 5.1b).
In detail:

• HSN2: was used a hydroalcoholic solution of 350 nm spheres with
a concentration of 1.25 %w/v, composed by 25 µL of U solution
5%w/v, 25 (µL) of H2O and 50 µL of EtOH.

• HSN3: was employed a hydroalcoholic solution of 425 nm spheres
(concentrated at 2.5 %w/v), obtained by 50 µL of U solution (5%w/v),
and 50 µL of EtOH.

Using those parameters, the substrates were successfully fabricated. All
the substrate were coated with 30 nm of gold and ready to be tested/
characterized.

5.1.1 Experimental set-up for morphological charterization

HSN samples were fabricated directly on a silica layer and were mor-
phologically characterized using an atomic force microscope (AFM) (JPK
NanoWizard 4 XP). Morphological characterizations were performed when
HSN samples were in a dry state. First the HSN samples were fixed on a
flat support placed in the closed chamber of the AFM. The AFM measure-
ments were carried out using the contactless mode in order to avoid causing
damage or unwanted movements of the upper nanospheres (more exposed
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for high delta values) placed on the bottom spheres. Once the images were
taken, they were processed using the JPK Data Processing software. In
addition to AFM imaging, further measurements were made using scan-
ning electron microscopy (SEM). SEM analysis was performed using Phe-
nom Pro Desktop microscope (Thermo Fisher Scientific Inc., Eindhoven,
Netherlands). The SEM microscope has an acceleration voltage of 15.0
kV. The SEM acquisitions were made using simultaneously back-scattered
and secondary electron detectors, in mixed mode.

5.2 Experimental results

In the previous paragraph are accurately described the two fabrication
methods used to fabricate CPA and HSNs structures. The geometrical
parameters of the fabricated samples are summarized in table 5.1. For
the substrate fabricated using the co-depositing, the δ value was chosen
equal to 0.26. The choice of δ was made considering that if the upper
spheres are very huge compared to the bottom spheres, they interfere with
the self-assembly mechanism and compromise the stability of the colloidal
substrate. At the same time, the upper spheres must be large enough to
position themselves and cover the interstices (between the bottom spheres)
otherwise the hierarchical structure does not form. According to a study
made by Z. Dai et al.[168], to have ordered and uniform self-assembled
systems, δ must not exceed the values of 0.3-0.4. In fact, we have not
been able to obtain hierarchically organized or reproducible substrates for
greater δ values. The SEM images of the fabricated crystals (following the
co-deposition approach) are shown in figure 5.3 a,b an c, referring to the

Table 5.1. Geometrical parameters of the fabricated substrates HSNs and
CPA.

Name DB [nm] DU [nm] δ Fabrication approach
CPA 757 none - co-deposition
HSN1 757 196 0.26 co-deposition
HSN2 757 350 0.46 sequential deposition
HSN3 757 425 0.56 sequential deposition
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Figure 5.3. SEM of the fabricated hierarchical structure HSN1, viewed at
two different magnifications. Scale bars are (a) 5 µm, (b) 2 µm and 1 µm.

HSN1 (the geometrical parameters are listed in table 5.1). Showed with
different magnifications, the SEM images show how the upper spheres are
perfectly placed between the interstices of the bottom spheres, creating
a consistent pattern with the desired design substrate, with few excess,
some agglomeration and few missing spheres. To make a comparison, in
the same way, the CPA (single layer of only bottom nanospheres with a
diameter equal to 757 nm). The CPA fabricated is shown in the figure
5.4. The spheres are closely arranged without gaps and missing spheres or
structural defects. The numerical analysis outcomes (described in Chapter
4) showed that the best performing nanosphere structures are for samples
with δ values above 0.4 (exactly 0.44, 0.48 and 0.52, respectively for bottom
sphere values of 500, 750 and 1000 nm). With the co-deposition technique
it is not possible to manufacture substrates with δ greater than 0.3.
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Figure 5.4. SEM of the fabricated structures CPA, with scale bars equal to
(a) 50 µmand (b) 20 µm.

In order to manufacture an HSN structure with δ ≥ 0.3, the manufacturing
technique based on sequential deposition was used. The sequential deposi-
tion consists in forming a first layer with co-deposition (of bottom spheres)
and through spin coating is deposited a second layer of nanospheres with
smaller diameters (upper spheres). Despite this technique increases fab-
rication complexity, adding a step to the process, allows to overcome the
limitations of co-deposition technique and to realize uniform and ordered
substrates. In particular, by properly regulating the deposition condi-
tions, the hierarchical substrates were fabricated successfully through se-
quential deposition, with bottom spheres diameter fixed to 757 nm and
upper spheres diameter equal to 350 and 425 nm (respectively: HSN2
with δ = 0.46 and HSN3 with δ = 0.56), listed in table 5.1.
In figure 5.5, the SEM images obtained of the HSN substrates manufac-
tured called HSN2 is shown, with different magnifications. By increasing
the size of the upper spheres, orderly structures were manufactured. Al-
though some of the upper spheres are missing the substrates are overall
homogeneous. In the two-step manufacturing process (sequential deposi-
tion), a crucial aspect is to minimize the possible defects that can form
between the bottom layer of the spheres. If during the spin-coating phase,
for example, the bottom nanospheres overlap, the upper spheres can ac-
cumulate around the overlap region, creating agglomerations. This is be-
cause the upper spheres tend to merge when they encounter an obstacle,
so any existing defects (due to bottom spheres) would be amplified going
to worsen the defects in the final structure.
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Figure 5.5. SEM of the fabricated hierarchical structure HSN2, viewed at
three different magnifications with scale bars equal to (a) 5 µm, 2 µm and (c)
1 µm.

This is why having a orderly defect-free bottom spheres layer is a funda-
mental requirement for achieving high quality hierarchical structures. Us-
ing this approach, numerous attempts have been made to replicate HSN1.
These approaches have been ineffective due to the huge significant dif-
ference between the diameters of the upper and lower nanospheres. The
effects of the difference in diameter have been experimental to the assem-
bly process. In fact, the substrates had areas with a high number of upper
spheres and at the same time poor areas of nanospheres.
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Figure 5.6. SEM of the fabricated hierarchical structure HSN3, viewed at
three different magnifications with scale bars equal to (a) 5 µm, 2 µm and (c)
1 µm.

Accordingly, the SEM acquisitions made for the HSN3 substrate are shown
in the figure 5.6. In figure 5.6 a, the SEM acquisition with scale bar 5 µm
allows to view a larger area of the sample. In figure 5.6 b and c are shown
the zoom in SEM acquisition, to better catch the substrate details (with
a scale bar 2 µm and (c) 1 µm, respectively). As a result, it is possible
to notice that the sample is regular even though some upper spheres are
missing. The structure is assembled as planned, without forming agglom-
erations between the spheres.
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Figure 5.7. SEM acquisition of HSN1 obtained by sequential deposition.
Different defects area are highlighted in different colors: yellow = excess of
upper spheres caused by bottom layer defects, red = excess and cyan = poverty
of upper spheres.

In figure 5.7, the defects due to the difference of diameters are illus-
trated through colored areas representing the abundance/deficiency of up-
per nanospheres. In particular, the blue areas are poor areas of upper
nanospheres, the red areas are abundant areas and the yellow areas are
agglomerated nanospheres due to defects of the bottom spheres. These
negative effects have caused uneven regions containing varying concentra-
tions of upper spheres, deviating from the desired hierarchical geometry.
The morphological analysis carried out through AFM acquisitions, pro-
vided additional information, revealing significant differences on the sam-
ples. Considering the bottom spheres level as a reference point, the AFM
height analysis shows that the upper spheres protrude from the bottom,
with reference to the HSN2 and HSN3 samples (respectively, figures 5.8
c and f). Analyzing the section along the line covering six upper spheres
and three close bottom spheres (blue line in figures ), it emerged that the
projection measures approximately 150 nm and 200 nm for HSN2 (figure
5.8 b) and HSN3 (figure 5.8 e), respectively.
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Figure 5.8. AFM analysis of the fabricated binary structures of different
frame. Frame of 20 µm for (a) HSN2 and (d) HSN3; frame of 5 µm for (b)
HSN2 and (e) HSN3; (c) and (f) the section analysis along the blue line of the
corresponding to frame (b) and (e).

This measurement is also proven by the observation of the inclined HSN2
structure (relative to the observation plane), shown in figures 5.9. In con-
trast, in the HSN1 structure, upper nanospheres are hidden under the top
plane of bottom spheres.

Figure 5.9. Tilted SEM image of HSN2, with a scale bar of 1 µm.
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In figure 5.10 is shown the AFM acquisition considering a magnification of
20 µm, to appreciate the pattern of the substrate. Thanks to height anal-
ysis AFM presents in the figure 5.10b, the position of the upper spheres is
calculated along the blue line. In figure 5.10 c, the height analysis reveals
that the position of the upper spheres are approximately about 70 nm un-
der the coordinate "z" of the bottom spheres.

To briefly summarized, morphological analysis outcomes reveals the
the regularity of the obtained patterns. Definitively, to provide regular
and quite ordered HSNs substrate both approaches have the ability to
perform suitable substrate. Overall, the substrate of the target HSNs is
the factor that determines the choice between the two methods. For HSNs
with small values of δ (i.e., a large size of the difference between Upper
and Bottom spheres), the co-deposition approach is particularly suitable.
Meanwhile sequential deposition is the best option to achieve regular HSNs
with larger δ values and it has less dimensional limitations.

Figure 5.10. AFM analysis of the fabricated binary structure HSN1 of dif-
ferent frame. Frame of 20 µm for (a); frame of 5 µm for (b) and (c) the section
analysis along the blue line of the corresponding to frame (b).





Chapter 6
Characterization and
performance assessment of
substrates

In this chapter, the characterization and performance assessment of
SERS active substrates is implemented. The first paragraph deals with the
methodology adopted for the sers characterization. To evaluate the per-
formance and to establish which of the fabricated substrates are suitable
as sers active probe, the the enhancement factor calculation is provided.
detailed description, the actual wording of the EF and the main features
of the Raman report used are reported. In particular, the Biphenyl-4-
thiol (BPT) was employed as Raman reporter. For each substrate are
considered: two intensity map to evaluate the hot spot distribution and
the reproducibility and the SERS average spectra in the fingerprint region,
whose peak value has been used to calculate the EF. The analysis was con-
ducted considering the two main peak of the BPT, corresponding to the
Raman shift 1080 cm−1 and 1585 cm−1. Following the results obtained
from the SERS characterization will be illustrated, for the manufactured
substrates.
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Figure 6.1. Labram HR Evolution (Horiba) microscope

6.1 Characterization methodology

The samples were characterized by SERS measurements, using Biphenyl-
4-thiol (BPT) as Raman reporter. BPT is a substance that distributed
itself uniformly on the substrate, avoiding agglomerations and allowing a
more accurate estimation of the SERS signal. To measure the Raman spec-
trum, a small amount of BPT was used in the form of a 97% concentrated
powder ( produced by Sigma-Aldrich, St. Louis, MO, USA). Instead, for
the acquisition of SERS, a liquid solution from BPT was used. To deposit
a self-assembled uniform monolayer of BPT on the outer layer of the gold
layer (covalently bonded to gold), the substrates were first immersed in
the BPT solution (1 mm by 24 h), then washed in pure ethanol and finally
allowed to air dry. Washing is a necessary step to eliminate any excess
molecules that are not bonded to the surface. As a result of the function-
alization of the substrates, the SERS and Raman signals were acquired via
Labram HR Evolution (Horiba) microscope (figure 6.1). With an excita-
tion wavelength of 785 nm, the laser source was focused through a 100x
objective in the air onto the BPT substrate/dust, covering a circular area
on the surface of the sample about 2.12µm in diameter. All spectra were
captured by setting a grid on 300 /mm lines, for a single accumulation
lasting one second and with a sample laser power of 410 µW .
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The acquired XY maps have an area of 5 × 5µm2 with a pitch of 0.5
µm for a total number of acquired points for single maps equal to 400. In-
tensity SERS maps were evaluated for three peaks related to Raman shift
of the BPT molecule response at 1080, 1280 and 1585 cm−1.

6.1.1 Enhancement Factor calculation

The performance of SERS substrates is well described by the definition
of the enhancement factor (EF), a figure of merit able to compare differ-
ent SERS substrate efficiently. In details, the EF quantify the ability of
the SERS surface to enhance the electromagnetic field nearby the target
analyte. The EF is defined as the product between the contribution of
SERS signal per molecule (the intensity of the Raman signal coming from
the active SERS surface ISERS , normalized with the effective number of
molecule contributing to the intensity NSERS) to the Raman signal per
molecule (the intensity of the Raman signal per molecule arise from the
non-SERS active surface IRaman/NRaman). The equation 6.1 clarify the
definition of the EF, calculated for the SERS substrate. Consequently:

EF =
ISERS

NRaman
× NSERS

IRaman
(6.1)

In the equation 6.1 the term ISERS represents the intensity of the SERS
peak measured at 1585 cm−1 (of the substrate coated with BPT); IRaman is
the intensity of the Raman spectrum of the BPT powder (without the pres-
ence of the SERS substrate); while NSERS and NRaman are respectively
the number of the molecule contributing to the SERS and the Raman sig-
nal. Following the methodology adopted in the works of Smythe et al.[169]
and Le Ru et al. [170], the The number of the molecule contributing to
SERS effect NSERS is estimated according to:

NSERS = Alight · FSERS · µs (6.2)

Where µs is the packing density of the BPT molecule adsorbed by the
substrate, assumed to be equal 4molecules/nm2 [124]. The illuminated
area of the substrate Alight is equal to π · r2laser (rlaser is the radius of the
laser spot depending on the working wavelength). The Alight results to be
3.56 µm2, with a wavelength λ = 785nm.
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Figure 6.2. Schematic representation of the: (a) Exposed area and (b)Unit
cell

FSERS is the ratio of the exposed area of the substrate (Aex) with the area
of the unit cell of the structure (Auc). In figure 6.2a is showed the exposed
area in the unit cell, calculated through Comsol,in order to obtain an ac-
curate estimation of the actual illuminated surface. In figure 6.2b, the unit
cell is illustrated. The area of the unit cell is calculated as the product
between p1 (equal to 2 ·DB) and p2 (equal to tanπ/3 ·DB). The unit cell
area has a value of 1.98 µm2. Considering that upper spheres diameter do
not influence the unit cell calculation, whose laterals dimensions depend
on the bottom spheres diameter (757 nm), the unit cell area is equal for all
the substrate. In table 6.1 are listed the respective exposed surface area
and FSERS for all the investigated substrate.

Table 6.1. Estimation of the exposed surface and the unit cell area for the
CPA and HSNs substrate.

DB DU Aex FSERS

757 nm none 3.05 µm2 1.538
757 nm 196 nm 2.84 µm2 1.431
757 nm 350 nm 3.25 µm2 1.637
757 nm 425 nm 3.11 µm2 1.567
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Figure 6.3. The ’z’ profile of Raman signal of the silicon for 785 nm

As it is possible to observe in the table 6.1, the values of the exposed
area for the individual substrates do not differ much from each other. The
number of the molecule contributing to Raman effect NRaman is defined
as follows:

NRaman = Aobj ·Hobj · ρr (6.3)

Where Aobj is the illuminated area by the source spot (equal to the upper
term Alight). Since Hobj is the height of the BPT volume, the product
Aobj ·Hobj represents the BPT volume that contribute to the intensity of
the Raman Signal. Simplifying Alight and Aobj , the remaining term Hobj

is the one that affect the EF (for λ = 785nm,Hobj = 0.919 · 104nm). The
parameter Hobj is determined by the measurement of the Z profile of the
Raman signal of the silicon at 520.6 cm−1.
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The factor Hobj is calculated as follow:

Hobj =

∫ z2
z1

Is(z) dz

max(Is)
(6.4)

Where Is is the Raman signal of the long z-profile of the silicon, with an
excitation wavelength of 785 nm, in a window of -25,25 µm, represented in
figure 6.3. The ρr is the BPT density and it is equal to 1.04g/cm3 [169]. It
is necessary to convert the unit of measurement from g/cm3 to molecules/
nm3. Considering the Avogadro number equal to 6.022 · 1023 1/mol (Na)
and molecular weight of BPT equal to 182.27 g/mol (M), ρr is converted
as follow:

ρr =

[
(1.04g/cm3) ·Na

M

]
· 10−21 = 3.44molecules/nm3 (6.5)

To summarize and clarify the terms, the enhancement factor is equal to:

EF =
ISERS

IRaman
·

Aobj ·Hobj · ρr
Alight · FSERS · µs

=
ISERS

IRaman
·

Hobj · ρr
FSERS · µs

(6.6)

In the table 6.2, the terms with the respective values of the fixed parameters
in the calculation of the enhancement factor are listed.
By using this parameters the EF is reduced to:

EF =
ISERS

IRaman
· 0.39 · 104 (6.7)

The Raman signal is acquired from the BPT powder (97% concen-
trated). Meanwhile a BPT solution was used for the SERS signal. The
intensity Raman IRaman is taken respect the three main peaks (as for the
SERS intensity of HSNs) at the Raman shift at 1080 cm−1, 1290 cm−1

and 1585 cm−1. For manufactured substrates, the respective SERS signals
ISERSare acquired (using the instrumentation and the method described
in the previous paragraph ).
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In the next chapter 6, the results obtained for each sample will be shown.
In particular, the outcomes obtained from the morphological analysis, the
Raman and SERS intensity signal, the SERS field distribution and the
enhancement factor calculated.

Table 6.2. Fixed parameters used to the EF calculation.

Parameter Value
rlaser 2.13 µm
Alight=Aobj 3.56 µm2

Hobj 9.19 · 103 nm
µs 4 molecules/nm2

ρr 3.44 molecules/nm3

Auc 1.98 · 106 nm2

6.2 Raman and SERS characterization results

For the manufactured and morphologically described samples, the SERS
response has been studied in detail in order to assess the performance of
each substrate and to check whether they actually behave as active SERS
substrates. In particular, for HSNs and CPA structures, about 100 spec-
tra of SERS signals (through raster scanning) were acquired, covering an
area of 5x5 µm2 with a pitch size corresponding to 0.5 µm. Details on
the settings made for SERS signal measurements are broadly described in
the previous paragraph. For all samples, the respective SERS response
was investigated by depositing a homogeneous Biphenyl-4-thiol monolayer
(BPT) on the outer surface of the substrate. BPT is a small molecule
typically used as a standard molecular probe in the SERS/Raman envi-
ronment, with the peculiarity of being distributed itself uniformly on the
substrate, avoiding agglomerations and allowing a more accurate estima-
tion of the SERS signal. A small amount of BPT was used in the form of
a 97% concentrated powder for the Raman signal estimation.
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The packing density of the BPT molecule adsorbed by the substrate is
typically approximate to 4 molecules over 1nm2 [124]. When a BPT
molecule is adsorbed from the gold surface of the substrate, it tends to
change molecular polarization. This change results in well-known differ-
ences between the SERS spectrum and the signal spontaneously generated
by the molecule. However, this known property is useful for estimating the
molecular density and deposition condition of the monolayer [124]. The
Raman signal is acquired under the same conditions of the SERS signal.
The BPT has three peaks more intense corresponding respectively to the
Raman shift 1080 cm−1,1290 cm−1 and 1585 cm−1, characteristics of the
molecule. The peak value are listed in table 6.3. In the figure 6.4 the Ra-
man spectrum of BPT powder is shown. The three characteristic reference
peak are highlighted by red boxes in the figure 6.4. The three character-
istic peaks mentioned above are taken as a reference in the calculation of
the signal sers. In particular at 1080 cm−1 and 1585 cm−1 (the peaks
with the highest intensity), the bands are attributed to the C-H rocking
mode and the phenyl ring mode [171]. Instead of powder, a liquid solution
from BPT was deposited on the substrates external surface to acquire the
respective SERS signal of the substrates. For each substrates, two field
maps were acquired and for each map the corresponding mean value and
average intensity signal over the spectral range. In order not to burden the
treatment is shown only one map of the SERS intensity of the field of each
samples. For the estimation of SERS performance, the enhancement factor
calculation is implemented, accordingly to the method described in chapter
5. The quantitative comparison of SERS responses of the different types
of SERS substrates reveals similarities and systematic differences, clearly.
Specifically, the analysis is performed for the samples HSN1, HSN2 and
HSN3 compered to CPA.

Table 6.3. The BPT Raman intensity corresponding respectively to the
Raman shift 1080 cm−1,1290 cm−1 and 1585 cm−1

Raman Shift Peak Intensity
1080 [cm−1] 41 [counts/s]
1290 [cm−1] 85 [counts/s]
1585 [cm−1] 123 [counts/s]
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Figure 6.4. The intensity Raman signal of the BPT power.

The average SERS spectra (and associated standard deviation) for the
samples CPA and HSN1 are reported in figure 6.5a and b. First, the HSN1
sample provides a very similar response to the CPA substrate. The geo-
metric dimensions are equivalent for the bottom spheres 757 nm for both
the samples, except for the presence of upper spheres in HSN1 (diameter
196 nm and δ= 0.26). In figure 6.5b compared to figure 6.5a, it is possible
to note that the three reference bands have an equivalent response to less
than a slight decrease in average intensity (i.e. HSN1 respect CPA). This
phenomenon is fully in accordance with the numerical results obtained dur-
ing the design phase of the substrate (in chapter 4). Partially evidenced
by fabrication, upper nanospheres represent a small perturbation of the
plasmonic resonance electromagnetic field. Being a slight perturbation of
the system, the upper spheres do not affect the SERS response, providing
a minor contribution.
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Figure 6.5. (a-b) Average SERS spectra and standard deviation for SERS
active substrates CPA and HSN1; (c-d) SERS intensity map at 1080 cm−1 for
CPA and HSN1 respectively, on a 5x5 µm2 area.

Because of this phenomenon, the responses of HSN1 and CPA do not dif-
fer. In figure 6.5c and d are showed the intensity maps field distribution of
the CPA and HSN1 respectively, related to the band peak at 1080 cm−1.
The SERS intensity maps confirm the similarity between the responses of
the two substrates and except for a few points show an average intensity
distributed similarly. Taking as reference the figure 5.3 a and b, in which
the SEM image of HSN1 is shown, the distribution of the SERS average in-
tensity highlights the in-homogeneity of the substrate HSN1, that already
emerged from the morphological analysis.
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Figure 6.6. (a-b) Average SERS spectra and standard deviation for SERS
active substrates CPA and HSN2; (c-d) SERS intensity map at 1080 cm−1 for
CPA and HSN2 respectively, on a 5x5 µm2 area.

In figure 6.6 b and d are reported the average SERS spectra and the
SERS intensity maps for HSN2 compered to CPA (figure 6.6 a and c).
Fabricated trough sequential deposition, the sample HSN2 has a bottom
spheres diameter of 757 nm, upper spheres diameter of 350 nm and δ=
0.46. The substrate HSN2, which has a relatively high δ value, exhibits
a considerable enhancement over the CPA sample. The average intensity
SERS results to be for the HSN2 around three times over the the CPA,
respect the Raman shift at 1080 cm−1. Meanwhile, for the Raman peak
at 1290 cm−1 and 1585 cm−1, the HSN2 show an enhancement approxi-
mately around 2.5 times respect the CPA.
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Similarly, HSN2 exceeds the average intensity values of the sers signal
of HSN1 by a factor of 3.4, in accordance with the similarities obtained
by comparing the CPA with HSN1. Obviously, this enhancement phe-
nomenon is essentially due to the presence of upper nanospheres.In HSN2,
upper nanospheres have a significantly higher diameter ratio than HSN1.
Considering that the size of the upper nanospheres in HSN2 are consider-
ably larger, their presence results in the formation of additional nanogaps
and an increase in the number of hot spots. In full agreement with the
numerical analysis carried out and assuming that the nanospheres are as-
sembled in a uniform and orderly way (considering the precise formation
of a 30 nm gold film), the upper nanospheres would lead to the formation
of a gap s of 179 nm for HSN1 and 27 nm for HSN2. Whereas as nanogaps
increase the SERS signal decreases [172], the decrease of nanogap s is one
of the causes of the increase of the average intensity signal of HSN2, re-
spect to HSN2. Considering the HSN2 substrate from a morphological
point of view, the sample is not homogeneous,presenting defects in the
structure. These defects are evident in the distribution of the intensity
sers in figure 6.6 d. The map confirms the lack of homogeneity, presenting
points extremely intense than the average. Nevertheless, the performance
of HSN2 is better than the CPA and, as expected by the numerical anal-
ysis, the substrate HSN1. The samples HSN3 present a diameter of the
upper spheres higher than the previous samples, with a value equal to 0.56
(with DB=757 nm and DU= 425 nm). In figures 6.7 b and d are shown
the the average SERS spectra and the SERS intensity maps respectively
for sample HSN3 at 1080 cm−1, compered as previously to CPA (figures
6.7 a and c). The HSN3 is quite more than 2 times respect to CPA, at
1080 cm−1 (shown in the figures 6.7 a-b). Looking at the other peak, at
1585 cm−1 HSN3 is less than 2 times over the CPA . In figure 5.5 c-d is
shown the SEM acquisition of the substrate HSN3. In this case, the sizes
of the upper spheres are large enough to be in contact with each other,
forming no gap. The structure is in general fairly homogeneous, despite
some upper spheres failed to fit perfectly leaving empty areas. The numer-
ical analysis showed that the structures had increasing performance up to
a maximum reached with the structure having DB= 750 nm and δ=0.48.
Above these δ values performance began to decrease.
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Figure 6.7. (a-b) Average SERS spectra and standard deviation for SERS
active substrates CPA and HSN3; (c-d) SERS intensity map at 1080 cm−1 for
CPA and HSN3 respectively, on a 5x5 µm2 area.

The overall performance of HSN3 is higher than the CPA, although they
remain lower than HSN2. Indeed, the HSN3 is lower by a factor 1.38 than
the samples HSN2, at 1080 cm−1. Keeping in mind these considerations,
the outcomes emerged from the SERS performance analysis is consistent
with the numerical analysis. Despite the structure there are no gaps be-
tween the upper spheres, we must also consider that they are large enough
to obscure a small part of the hot spots available, which are created in cor-
respondence with the bottom spheres. This feature of the geometry ends
up influencing the actual exposed surface area available for BPT molecules,
decreasing it.
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The decrease of the exposed area and the consequent decrease of the hot
spot accessible result in the decrease of the SERS intensity detected. Ob-
viously this decrease concerns about the comparison with the structure
HSN2, to CPA and HSN1, the sample is still winning. Indeed, HSN3 is
greater than HSN1 by a significant factor 2.44 at 1080 cm−1 and a bit
less than 2 at 1585 cm−1. In figures 6.7 c-d, field maps for the CPA and
HSN3 respectively are shown. The field map confirms what is already
appreciated in the morphological analysis. In other words, the sample is
generally homogeneous at the expense of some areas. The analysis of the
average intensity SERS signals shows that all substrates (CPA and HSNs)
are suitable for detecting the presence of BPT molecules, since (as can be
seen in the figures 6.5 a-b, 6.6 b and 6.7 b), the main bands of BPT are
clearly visible at 1080 cm−1, 1290 cm−1 and at 1585 cm−1.

In figure 6.8 are shown the intensity field maps related to the peak at
at 1080 cm−1, acquired in a different zone of samples respect the maps
reported before. This second acquisition shows that the intensity maps of
the field are not very homogeneous. Especially in the case of the HSN2
substrate, from a morphological point of view, the sample is not homoge-
neous and has different defects present in the structure. These defects are
most evident in the intensity distribution of this second acquisition. On
the other hand, the CPA and HSN1 exhibit a similar behavior of the field
(figure 6.8 b and d)), as in the previous case (respectively in figure 6.5 c
and d). The HSN2 sample shows highly localized field zones, as for HSN3
although with reduced intensity (respectively in figure 6.8 f and h). For the
average intensity signals, the figures 6.8 a and c refer to samples CPA and
HSN1. As you can see, the behavior is similar between the two samples,
even if HSN1 has an average intensity slightly lower than the CPA. At the
same time HSN1, in this second acquisition compared to the first, has a
value almost higher. In the figures 6.8 e and g, for HSN2 and HSN3 re-
spectively, the SERS average intensity signals reveal a slight drop in peak
values to 1080 cm−1. Also in this case, HSN3 is better than CPA and HSN,
and at the same time lower than HSN2. These second acquisitions show
how despite the highlighted differences, the performances remain analo-
gous to the case with the first acquisitions.
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Figure 6.8. Average SERS spectra with standard deviation for SERS active
substrates and SERS intensity map at 1080 cm−1 on a 5x5 µm2 area second
acquisition, respectively for: (a-b) CPA, (c-d) HSN1, (e-f) HSN2, (g-h) HSN3.
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Figure 6.9. Numerical reflectivity and volume integral for SERS active sub-
strates (a) CPA, (b) HSN1, (c) HSN2 and (d) HSN3, respectively.

We have numerically simulated the fabricated HSN structures and we re-
port such numerical results, in term of reflectivity and volume integral in
figure 6.9 and in terms of AVI in table 6.4. The reflectivity and integral
volume are reported as a function of the wavelength of the samples under
analysis. These graphs allow to understand and estimate the response of
individual substrates across the wavelength range. By the observation of
the spectral window from 785 to 910nm, it is possible to predict that the
behavior of HSN1 (6.9 b) is analogous to CPA (6.9 a), with better per-
formance in the range for λ = 850 nm to 950 nm. While in the figure
6.9 c, HSN2 presents a high volume integral compared to other samples
throughout the analyzed range, with the best performance in the spectral
window from 950 to 1050 nm. In figure 6.9 d, HSN3 has a high volume
integral in the range of interest (785 at 910 nm), although it remains below
the performance achieved by the HSN2 sample.
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In table 6.4, the main characteristics associated with substrate perfor-
mance are summarized, evaluated at the Raman shift corresponding to
1080 cm−1. In particular, in the table 6.4 are listed the Peak Intensity (PI)
with the associated standard deviation, Average Volume Integral(AVI), En-
hancement Factor (EF) and the same terms expressed as ratio between the
substrate HSNs and CPA relative to the firt acquisition. The PI and EF
are calculated as described in the previous paragraph, by the experimen-
tal data set. Meanwhile the AVI has been calculated following numerical
simulations as described in the chapter 4. Comparing the obtained PI
values, the slight decrease in intensity between the HSN1 sample and the
CPA substrate is even more evident, by emphasizing the similarity be-
tween the responses of the two structures. On the other hand, HSN2 and
HSN3 samples show a noticeable increase in enhancement compared to
CPA. In fact, the enhancement is exactly 3.23 and 2.35 times, respectively
for HSN2 and HSN3, compared to the intensity provided by CPA, under
the same conditions. Following a numerical analysis expressed in terms of
AVI, it is possible to note how the relationships between HSNs and CPA
(i.e AV IHSN/AV ICPA) represent a good approximation of the relation-
ships obtained experimentally between the intensities of SERS signals. In
fact, the AVI numerical model forecast an enhancement (compared to the
CPA) of 5.4 for HSN2 and an exactly 2.4 for HSN3. The AVI for HSN1 is
estimated as the half value obtained for CPA.

Table 6.4. SERS performance estimation for CPA and HSNs substrate in
terms of : Peak Intensity, Average Volume Integral and Enhancement Factor,
for a Raman shift at 1080 cm−1.

@1080 PI PIHSN
PICPA

AVI AV IHSN
AV ICPA

EF EFHSN
EFCPAcm−1 [µ± σ] [µm3] [105]

CPA 1578.11 ± 196.70 1.00 21.40 1.00 2.22 1.00
HSN1 1515.63 ± 106.20 0.96 9.60 0.45 2.29 1.03
HSN2 5094.35 ± 1117.40 3.23 116.10 5.40 6.74 3.03
HSN3 3701.24 ± 443.90 2.35 52.50 2.40 5.12 2.30
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In performing a numerical simulation analysis, the computational domain
is chosen in order to mimic, as much as possible, the fundamental under-
lying physical phenomena and the actual geometry, object of study. In
the choice of the domain, some factors come play a relevant role, such as
the computational requirements and the physical resources to simulate the
device, which limit the possibility of simulating the physical reality faith-
fully. In this process some unavoidable approximations are made, such
as the choice of mesh and the domain size. In fact, the program used to
simulate HSNs and CPA structures uses a truncated domain replicated to
infinity (i.e. the unit cell with the boundary conditions of Floquet). These
choices are made in such a way as to have a trade-off between computa-
tional requirements and accuracy that does not affect the system response.
Beyond these factors, the computational domain is idealized and presents
inherent difficulties in capturing the minute characteristics of plasmonic
nanostructures. Despite the difficulties, the numerical and experimental
data are in agreement. The agreement between the data is considered good
both from the point of view of the numerical model, capable of identify-
ing the best configuration and from the experimental point of view, with
the ability to provide a quantitative estimate of the expected performance.

The figures 6.5, 6.6 and 6.7, show the respective field maps for the sam-
ples analysed, from which the spatial distribution of the SERS response
along the scanned area can be derived. The SERS intensity along the map
varies around the reported average value, except for a few peaks at higher
intensity. For example, HSN3 generally varies around 3700 counts/s, with
small areas of higher intensity (with reference to figures 6.7 b and table
6.4). Both CPA and HSNs sample maps reveal a general lack of homogene-
ity in the SERS response. The in-homogeneity of the SERS response in
the field maps can be quantified by the standard deviation given for each
sample in the table. The standard deviation of the SERS intensity gen-
erally increases with the intensity itself. At the same time the coefficient
of variation (ratio of standard deviation to mean) is higher for substrates
with SERS improvement. In fact for HSN2, which represents the substrate
with the best performance, the coefficient of variation is σ/µ[%] (i.e. ratio
of the standard deviation to the mean, obtained from experimental Peak
Intensity values) equal to 21.9 %, meanwhile HSN3 has a value of 12 %.
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Samples with reduced performance, CPA and HSN1, report a coefficient
of variation values of 12.5 % and 7 %, respectively. Finally, always in the
table 6.4 are the values of enhancement factor (EF) estimated for the sub-
strates CPA and HSNs, relative to Raman shift at 1080 cm−1, according
to the methodology in the previous paragraph. In essence, the EF allows
to estimate practically the amplification of the average SERS signals on
the area covered by the incident laser beam. The CPA shows an EF value
of 2.22 ·105, very similarly the HSN1 show a value of 2.29 ·105. Meanwhile
the substrate with the best performance HSN2 presents an EF equal to
6.74 ·105, followed by HSN3 with EF equal to 5.12 ·105. All these values
obtained can be considered valid, for practical use in SERS applications.

Based on the results of the morphological characterization, it is clear that
the observed variations in SERS intensity cannot be solely attributed to
structural defects, such as missing or additional nanospheres or disruptions
in the structural symmetry of the hierarchical nanospheres structure, under
investigation. This is primarily because the HSNs being studied exhibit a a
similar degree of structural order. Instead, the fluctuations in SERS inten-
sity are ascribed to the inhomogeneity, due to inherent variability in the
diameters of the nanospheres and, consequently, the nanogaps between
them. The data from the Polystyrene nanospheres data sheet indicates
that the nanospheres diameters typically have a slight variation around
a mean value with a standard deviation of approximately 10 nanometers.
To prove the idea that this small diameter variability is responsible for
the observed fluctuations in intensity, a numerical analysis was conducted.
Specifically the effects of a ±5 nm change in the diameter of the upper
nanospheres in sample HSN2 was examined. A 5 nm reduction in diame-
ter resulted in a 16 % decrease in AVI, while a 5 nm increase in diameter
led to a 53 % increase of the same parameter. The details of this analysis
are shown in figure 6.10, with the reflectivity and volume integral for SERS
active substrates with HSN2 upper spheres diameter variations of ±5 nm.
To quantify the changes, the AVI was used together with the percentage
variation (called "∆ (AVI) [%]"), shown in the table 6.5. Looking at the
reflectivity graphs, a change in the spectrum is clearly evident in increasing
the diameter of nanospheres.
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Figure 6.10. NNumerical reflectivity and volume integral on the 10nm con-
formal air overlay of the forth power of the normalized electric field for SERS
active substrates (a) HSN2 - 5nm and (b) HSN2 + 5nm, respectively.

In the range of wavelengths below 900 nm, it is possible to observe how
the peaks present in the structure HSN2 - 5 nm are more intense and
marked in the structure HSN2 + 5 nm. In the HSN2 + 5 nm structure,
above the 900 nm wavelength, a maximum and a minimum not present in
HSN2 - 5 nm appears. These differences are all the more evident when
analysing the volume integral. In fact increasing the diameter, it is in-
terested to notice that the integral increases remarkably, increasing also
the bandwidth. It is important to note that in the numerical model, the
diameter variation uniformly affects all upper nanospheres, whereas in real
experiments, random fluctuations in nanospheres diameters occur due to

Table 6.5. Numerical AVI comparison with % variation of HSN2 structure
with upper spheres diameters ±5nm.

Samples DB [nm] DU [nm] AVI [µm3] ∆ (AVI) [%]

HSN2 – 5nm 757 345 44.9 -16.85
HSN2 757 350 54.0 -

HSN2 + 5nm 757 355 82.7 53.15
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self-assembly fabrication tolerances and the inherent variability in the orig-
inal nanospheres diameters. In particular, the small nanogaps that form
within the HSN2 substrate contribute to a more intense SERS response.
However, these small nanogaps are highly sensitive to variations in the
diameters of nanospheres, resulting in more significant changes in the in-
tensity of SERS hot spots. In essence, the higher the intensities of the hot
brides, the more pronounced is the variation in intensity in response to a
disturbance in the nanogaps size, related to manufacturing self-assembly
tolerances. In table 6.6 are summed up the fundamental parameters (Peak
Intensity, Average Volume Integral and Enhancement Factor) related to
the second SERS acquisition at 1080 cm−1 for the analyzed samples. It
is worth noting that the performance of HSNs and CPA samples is con-
sistent with the observations made previously, despite the peak intensities
(PI) in the case of HSN2 and HSN3 are lower than the first acquisitions
(table 6.4). HSN2 changes from PI values of 5094.35 to 4862.11 counts/s
with an increase in standard deviation of 504.3. This decrease manifests
itself directly in the calculation of the enhancement factor, with a small
decrement of a value corresponding to 0.31 (respect the first acquisition).
With reference to sample HSN3, the decrease in terms of intensity of peak
produces a decrease of the enhancement factor, between the first acquisi-
tion and the second, of approximately 0.39. In the opposite way, in the
second acquisition there is an increase in the general values compared to
the samples : CPA and HSN1. In fact the CPA takes an increment of PI
of approximately 262 counts/s, while more moderately HSN1 introduces
an increment of 154 counts/s.

Table 6.6. SERS performance estimation for CPA and HSNs substrate in
terms of : Peak Intensity, Average Volume Integral and Enhancement Factor,
for a Raman shift at 1080 cm−1 related to the second acquisition.

@1080 PI PIHSN
PICPA

AVI AV IHSN
AV ICPA

EF EFHSN
EFCPAcm−1 [µ± σ] [µm3] [105]

CPA 1840.24 ± 341.08 1.00 21.40 1.00 2.59 1.00
HSN1 1669.58 ± 112.20 0.91 9.60 0.45 2.52 0.97
HSN2 4862.11 ± 1674.70 2.64 116.10 5.40 6.43 2.48
HSN3 3419.39 ± 775.00 1.86 52.50 2.40 4.73 1.82
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Looking at the EF, the CPA goes from a value of 2.22 to 2.59, simul-
taneously the HSN1 switch from 2.29 to 2.52. HSN1 respect the first
acquisition exhibits a negligible decrease in EF of about 0.06. In other
words, although the CPA and HSN1 have differences in performance be-
tween one acquisition and the other, these are negligible, confirming the
similarities between the two samples (HSN1 ≈ CPA). The coefficient of
variation (σ/µ [%]) for CPA and HSN1 is 18 % and 7 % respectively, not
so different from the first acquisition (12.5 % and 7 %). For the samples
HSN2 and HSN3 the coefficient of variation is equal to 35 % and 23 %,
respectively. An increase of 13.1 % (for HSN2) and 11 % (for CPA) is
present compared to the case of the first acquisitions. The increase of the
coefficient of variation for the two samples is due to the fact that simulta-
neously increases the standard deviation and decreases the peak intensity.
Despite the differences highlighted, the second acquisitions made and an-
alyzed repeated at the Raman shift at 1080 cm−1 are in accordance with
the analysis and considerations expressed regarding the first acquisitions.
This second acquisition is essentially aimed at verifying the repeatability
and reliability of the measurements made. In order to have a complete
analysis of substrate performance, the characteristics of the two funda-
mental peaks of the target molecule were analysed. The BPT has two
fundamental (more intense) peaks for the Raman shift at 1080 cm−1 and
1585 cm−1. The peak performance of 1080 cm−1 has been analysed for
CPA and HSNs substrates. Similarly to the above, the analysis of peak
1585 cm−1 is reported below. In figure 6.11 are shown the average SERS
spectra with standard deviation and the SERS intensity map for the CPA
and HSNs structures. Consistently, the CPA and HSN1 samples both show
a slight increase in peak intensity to 1585 cm−1 compared to the 1080 cm−1

Raman shift (shown in figure 6.11 a and c, respectively). This increment
is approximately 100 counts/s for both samples. While for samples HSN2
and HSN3 there is a decrease in the intensity of approximately 900 and
700 counts/s, respectively (with the reference to figure 6.11 e and g). In
figure 6.11 are shown the maps of SERS intensity, acquired for 1585cm−1,
in the same region in which the maps were acquired for 1080 cm−1 (figure
6.5, 6.6 and 6.7). Analysis of the maps confirms that the samples are not
homogeneous, with strongly localized areas.
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Figure 6.11. Average SERS spectra with standard deviation for SERS active
substrates and SERS intensity map at 1585 cm−1 on a 5x5 µm2 area, respec-
tively for: (a-b) CPA, (c-d) HSN1, (e-f) HSN2, (g-h) HSN3.
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While for samples HSN1 (in figure 6.11 d ) and HSN2 (in figures 6.11
f) the inhomogeneous in terms of hot spot distribution is not very marked,
for sample HSN3 (in figure 6.11 h) it is particularly noticeable. Espe-
cially, the substrate HSN2 exhibits the most intense map filed and average
SERS spectra respect the other sample. In fact,after the SEM acquisi-
tions, in the chapter 5 (where the morphological analysis of the samples
is illustrated) was found that the HSN3 sample compared to HSN2 had
some structural defects due to missing spheres (figure 5.5). Accordingly,
the analysis of SERS intensity maps confirms the observations obtained
by the SEM analysis and the analysis of maps at 1080 cm−1. Looking at
the field maps at both Raman shifts, there are no major differences in the
location and distribution of hot spots in the analyzed region. In any case,
there are differences in terms of peak values. At Raman shift 1585cm−1,
for HSN1 seem to increase slightly the areas with a greater intensity, while
for the other samples the only variation of intensity is perceived.

In the table 6.7 are reported the principal parameters to estimate the
SERS performance of the substrate, from the numerical and experimental
point of view for the first acquisition at Raman shift 1585 cm−1. Com-
paring the peak relative to Raman shift at 1585 cm−1 with peak at 1080
cm−1, for CPA and HSN1, the analysis of SERS intensity showed that
it peak value increased, accordingly, estimating the values accurately the
table 6.7 shows how the standard deviation increases for CPA by 46 and
decreases by 6 for HSN1. In the case of the other two substrates, the
standard deviation is reduced by 253 for HSN2 and 101 for HSN3. The
coefficient of variation (σ/µ is equal to 15 % for the CPA, 6 % for the
HSN1, 21 % for the HSN2 and 12 % for the HSN3. Respect the results
at the Raman shift 1080 cm−1, the vales of the coefficient of variation are
approximately the same for 1585 cm−1,demonstrating a data consistency.
It is also interesting to note that the enhancement factor calculated at 1585
cm−1 for CPA and sample HSN1 has been reduced by about a factor of 3
compared to the values obtained considering the peak at 1080 cm−1. This
reduction is mainly due to the fact that the BPT’s Raman signal exhibits
a well-defined and more intense peak at 1585 cm−1 (the average Raman
spectra of BPT is shown in figure 6.3).
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Keeping in mind that higher is the Raman signal of the sample analysed,
the lower is the resulting EF. As for the HSN2 and HSN3 samples, the
EF is reduced dramatically due to the fact that in addition to increasing
the Raman signal, also decreases the SERS signal acquired. Despite these
marked variations HSN2 is the best performing sample, followed by HSN3.
The same result was obtained following the analysis made for the Raman
shift at 1080 cm−1.

The second acquisition of average SERS spectra with standard deviation
for the SERS active substrates and SERS intensity map at 1585 cm−1 are
showed in figure 6.12. This second acquisition is spatially located on the
samples in the same area in which the second acquisition at a Raman shift
at 1080 cm−1 is made. Considering the second acquisition SERS average
spectra, at 1585 cm−1 (figure 6.12 a) the samples CPA shows a reduced
intensity peak around 200 counts/s, respect the Raman shift at 1080 cm−1

(figure 6.8 a). Meanwhile the samples HSN1 presents similar values for
both peaks (figure 6.8 c and 6.12 c). On the same way of the substrate
CPA, HSN2 and HSN3 has lower peaks for the Raman shift at 1585 cm−1

(figure 6.12 e and g) respect the peak at 1080 cm−1 (figure 6.8 e and g).
Respect the first acquisition at 1585 cm−1 (figure 6.11), for the second ac-
quisition, the SERS average spectra exhibit very close peak values, unless
small variations (figure 6.12). In terms of field location distribution,"hot
spot distribution", the second field map acquisition provides several useful
information.

Table 6.7. SERS performance estimation for CPA and HSNs substrate in
terms of : Peak Intensity, Average Volume Integral and Enhancement Factor,
for a Raman shift at 1585 cm−1, related to the first acquisition.

@1585 PI PIHSN
PICPA

AVI AV IHSN
AV ICPA

EF EFHSN
EFCPAcm−1 [µ± σ] [µm3] [105]

CPA 1660.92 ± 243.12 1.00 21.40 1.00 0.69 1.00
HSN1 1691.47 ± 100.80 1.01 9.60 0.45 0.76 1.09
HSN2 4174.92 ± 864.80 2.51 116.10 5.40 1.64 2.36
HSN3 3037.10 ± 342.80 1.82 52.50 2.40 1.24 1.79
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Figure 6.12. Average SERS spectra with standard deviation for SERS active
substrates and SERS intensity map at 1585 cm−1 on a 5x5 µm2 area, second
acquisition, respectively for: (a-b) CPA, (c-d) HSN1, (e-f) HSN2, (g-h) HSN3.
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First, considering only the second acquisitions and making a comparison
between the maps of the two fundamental peaks (1080 cm−1 and 1585
cm−1) that are acquired in the same region of the sample, it is evident
that the hot spots excited are the same for the samples CPA, HSN2 and
HSN3 (respectively in figures 6.8 b, f and h and in figures 6.12 b, f and h).
Instead for HSN1, the field map acquired at Raman shift at 1585 cm−1

(in figure 6.12 d) results in a more homogeneous diffuse intensity than in
1080 cm−1 (in figure 6.8 d). Due to a more intense pixel in the field map
of the HSN2 field map with reference to the second acquisitions for both
peaks analyzed, it is not possible to appreciate the field distribution in the
remaining map. Nevertheless, thanks to the morphological analysis carried
out in the chapter 5 (figure 5.5 a and b) , it is possible to affirm that the
sample is quite homogeneous and actually we see a diffused homogeneity
of the intensity in the field map (in figure 6.12 f). In addition, in the
second acquisition the HSN2 and HSN3 samples are reduced considering
the peak at 1080 cm−1 (in figure 6.8 f and h) compared to 1585 cm−1 (in
figure 6.12 f and h), a phenomenon that also occurs in the first acquisition.
This decrease present in both acquisitions, in terms of intensity obtained
by comparing the response to the two Raman shifts, basically shows that
there is a more intense response at 1080 cm−1 than the one at 1585 cm−1.

To better understand and catch the differences and similarities between
samples, in the table 6.8 are summarized the main characteristics of the
SERS samples analyzed in the second acquisition at Raman shift 1585
cm−1. In the table 6.8 it is possible to notice as the values of peak be-
tween the two acquisitions to 1585 cm−1 are very near to each other,
excluded HSN2 that introduces the greater difference with a decrease of
approximately 100 counts/s passing from the first to the second acquisition
(which compared to the peak value is about 2.5 %). Instead for the other
samples the variation is in average around the 40 counts/s. Consequently
also the values of enhancement factor do not differ of a significant digit.
The CPA and the HSN3 both increase by a factor of 0.01, while HSN1
and HSN2 samples decrease by a factor of 0.04. Despite these differences,
despite decreases in intensity, the results obtained show once again that
HSN1 follows the behaviour of CPA, while HSN2 exhibits the best perfor-
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mance followed by the HSN3 sample. In fact the HSN2 sample has EF
values that are about 2.27 times the CPA values, HSN3 is 1.77 times the
CPA. Comparing the performance of the second acquisition between the
two peaks 1080 cm−1 and 1585 cm−1, there is a general decrease of per-
formance. the sample CPA show a decrease of 8.42 % and the substrate
HSN1 of 3.41 %. Meanwhile the decrease is more significant for the sample
HSN2 and HSN3, respectively with values of 16.25 % and 10.88 %. Ac-
cordingly, the substrate HSN2 exhibits the highest coefficient of variation
(σ/µ) of 21 %, respect the data shown in table 6.8. The sample CPA and
HSN3 exhibits a similar coefficient of variation, respectively equal to 15 %
and 12 %, meanwhile HSN1 has the lowest value equal to 6 %.

Table 6.8. SERS performance estimation for CPA and HSNs substrate in
terms of : Peak Intensity, Average Volume Integral and Enhancement Factor,
for a Raman shift at 1585 cm−1, related to the second acquisition.

@1585 PI PIHSN
PICPA

AVI AV IHSN
AV ICPA

EF EFHSN
EFCPAcm−1 [µ± σ] [µm3] [105]

CPA 1685.82 ± 450.92 1.00 21.40 1.00 0.70 1.00
HSN1 1614.65 ± 86.40 0.96 9.60 0.45 0.72 1.02
HSN2 4072.05 ± 1385.20 2.42 116.10 5.40 1.60 2.27
HSN3 3047.40 ± 574.60 1.81 52.50 2.40 1.25 1.77

To conclude the obtained values of EF reveal that HSNs samples are active
substrates and are considered valid for practical use in SERS applications.
The substrate that exhibits the best performance is the HSN2 sample, both
compared to CPA and other HSNs substrates. The HSNs substrates work
better considering the peak corresponding to the Raman shift at 1080
cm−1, compared to 1585 cm−1. The second acquisitions made for both
peaks confirm the repeatability and reliability of the results obtained, de-
spite some decreases in peak intensity values.



Chapter 7
Cmos-compatible material for
SERS substrates: preliminary
analysis

Reproducible SERS substrates play a critical role in SERS detection,
helping to mitigate signal fluctuations by either controlling the electromag-
netic field of individual metal colloids in single-particle SERS systems or
creating well-ordered metal nanoparticles arrays with fixed nanogaps on
solid-state substrates [173]. In this context, to overcome limits and cre-
ate substrates that are reproducible and stable, CMOS (Complementary
Metal-Oxide-Semiconductor) technology plays a key role. Microfabrica-
tion techniques compatible with CMOS technology, allow to create nanos-
tructured surfaces or features that enhance the Raman scattering signal.
CMOS-compatible SERS devices can be fabricated with high precision, al-
lowing for the mass production of highly sensitive and miniaturized SERS
sensors, combining the benefits of CMOS technology with the enhanced
analytical capabilities of SERS [174]. In visible-wavelength spectra, silver
(Ag) and gold (Au) are commonly preferred materials for plasmonic appli-
cations due to their low electronic losses. However, a significant challenge
arises because Ag and Au are not compatible with CMOS process lines.
This incompatibility poses obstacles in the development of cost-effective
and large-scale SERS devices. To address this issue while adhering to the
strict requirement of using only CMOS-compatible materials, extensive ef-
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forts have been dedicated to blending metals with non-metals to create
inter-metallic compounds. Researchers have been exploring ways to opti-
mize the optical properties of nitrides, silicides, and germanides to produce
materials with low loss. At the Leibniz Institute for High Performance Mi-
croelectronics (IHP), the focus has been on developing silicon-based tech-
nologies, components, and systems for high-speed communication. In this
context, metal germanides and nitrides play a crucial role for SERS ap-
plications and also sensing. In this chapter is presented a comparative
preliminary analysis of the performance of hierarchical binary structure,
considering two alternative materials: nickel germanides (NiGe) and ti-
tanium nitrides (TiN). The preliminary analysis is implemented by per-
forming numerical analysis. During a short term scientific collaboration
at IHP, the refractive index of the two materials under analysis was ac-
quired using ellipsometry instrumentation. The acquired refractive index
has been used to define materials in numerical simulations performed by
Comsol multiphysics. The numerically simulated structure is the same as
widely described in previous chapter 4, with the difference that instead of
using gold the new materials are analyzed. In particular, the considered
are the closed packed array (CPA) and the hierarchical nanospheres struc-
ture (HSN).

7.1 Ellipsometry: theory and experimental.

Ellipsometry is a powerful and versatile optical technique, useful for
material characterization, and has gained widespread recognition in both
scientific research and industrial applications. Originally developed in the
20th century, ellipsometry evolved into a sophisticated, non-destructive
measurement method that provides information on the optical properties,
thickness, and composition of thin films about solid substrates. Ellipsom-
etry is based on the measurement of changes in the state of polarization
of light upon reflection or transmission from the analyzed sample. In the
figure 7.1 is shown a schematic illustration of the operating mechanism
of an ellipsometer, in the classical configuration. By analyzing variations
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in amplitude and/or phase of reflected or transmitted light, ellipsometry
can provide valuable information on optical constants ( as refractive index
and/or extinction coefficient), layer thicknesses, and also the structural
properties of the materials under consideration. This technique has found
applications in a wide range of fields, including material science, semi-
conductor technology, surface chemistry, and thin film optical sensors, to
name a few.

Figure 7.1. Conventional configuration and operating mechanism of a clas-
sical ellipsometer.

Basic principles

The ellipsometry is essentially used to characterize and optimize thin
film properties for applications such as anti-reflective coatings, optical fil-
ters, semiconductor devices, and bio-materials. In addition, its versatility
extends to monitoring and optimization of fabrication processes such as
deposition or surface modification, making ellipsometry an indispensable
tool in the quality control field. When an incident light interact with the
sample investigated, the material structure responds with a variation in
polarization. The incident light can be decomposed in two contributions:



116 Chapter 7. Cmos-compatible material for SERS substrates: preliminary analysis

the "s" and a "p" component. Where "s" is the oscillating component
perpendicular to the incident plane and parallel to the sample surface,
meanwhile the "p" component is parallel to the incident plane. Normal-
ized to initial value, after the reflection response, the two component are
denominated as rs and rp, respectively. Keeping in mind the above con-
siderations, evaluated by ellipsometry, the polarization variation can be
quantified by measuring the complex reflectance ratio. The complex ratio
ρ is defined as the ratio between the quantity rs and rp. In details, the
complex ratio ρ is equal to:

ρ =
rp
rs

= tanΨ · ei∆ (7.1)

Where Ψ is the amplitude ratio upon reflection, meanwhile ∆ represents
the phase shift. Generally, for an-isotropic or non-homogeneous materials,
a layer model should be defined as such that it considers the fundamental
optical constants (for example, the refractive index) and geometric pa-
rameters such as the thickness of all individual layers of the sample and
the correct sequence of layers. Using an iterative procedure and gradually
varying the values of unknown optical constants and thickness parameters,
the Ψ and ∆ values are calculated using the Fresnel equations. In the case
of isotropic and homogeneous materials, a direct inversion of the parame-
ters Ψ and ∆ is simply possible.

7.1.1 Experimental set-up and results

The refractive index acquisition are performed using the spectroscopic
ellipsometer (SENTECH Instruments GmbH). In figure 7.2 is represented
an image of the instrumentation and the sample. The measurement are
made on pieces of wafers, on which are deposited the material object of
analysis. In particular, we analyzed the optical proprieties of the titanium
nitride (TiN) and nickel germanide (NiGe) layers. For both samples the
acquisition were implemented considering multiples angle of incidence (ϑ)
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from 60 deg to 70 deg with a step equal to 5 deg. The spectral range of
operation goes from 190 nm to 3500 nm. The TiN sample has a nominal
thickness of 100 nm, and an effective (measured) thickness of 90.76 nm.

In figure 7.3 are showed the resulting acquisitions of the parameters Ψ
and ∆ for the titanium nitride. It is interesting to observe that increasing
the angle of incidence (ϑ), the quantity Ψ exhibits signals quite similar to
each other with a small shift in terms of wavelength (figure 7.3 a), mean-
while the ∆ analysis reveals that the signals decrease in terms of intensity
with no shift (figure 7.3 b). Above the wavelength equal to 100 nm the
response of Ψ and ∆ is without significant variation, but show a slight
progressive increase of the intensity. The same acquisition is performed
for the sample made with nickel germanide and shown in figure 7.4. Con-

Figure 7.2. Spectroscopic ellipsometer and a sample (SENTECH Instru-
ments GmbH)
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Figure 7.3. The acquisition of Ψ (a) and ∆ (b) values for different angle of
incidence for the sample TiN.

sidering the figure 7.4 a, the major variation of the Ψ and ∆ acquisition
are confined in the region of wavelength going from 350 nm to 1500 nm.
Under 350 nm, the Ψ signals coincide for the three angles considered. Pro-
gressively increasing wavelengths the signals vary significantly up to 1500
nm, showing a decrease in intensity when the angle of incidence increases.
Above 1500 nm, the signals became more stable, reducing the intensity
discrepancy (increasing the wavelengths). The same phenomena is possi-
ble to observe in the ∆ signals, shown in figure 7.4 b. In this case under
300 nm the ∆ signals retain the intensity variation shown at higher wave-
lengths, unlike the Ψ signals that are very close to each other. Above 200
nm, the ∆ signals is more linear. After an iterative procedure, using know
theoretical models for TiN and define new model for NiGe, the refractive
index was extracted.
In figure 7.5 are shown the respective real part ("n") and imaginary part
("k") of the complex refractive index for the samples Au (taken from the
data set made available from Johnson and Christy [165]) TiN and NiGe
(experimentally acquired). For the TiN (figure 7.5 a) was used the Drude
model to obtain the complex refractive index, meanwhile for the NiGe was
necessary to use the "option" define "new model", considering that there
are not know model for this material. The n e k of TiN shown a variability
under the wavelength 1000 nm, meanwhile above that the signal are linear
and increase with the increasing of the wavelength. The NiGe is purely
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Figure 7.4. The acquisition of Ψ (a) and ∆ (b) values for different angle of
incidence for the sample NiGe.

constant except in the range from 500 nm to 1100 nm.

Figure 7.5. The acquisition of n and k values for the : (a) AU, (b) TiN and
(c) NiGe.

7.2 Numerical Analysis

The performance analysis of the tested materials were numerically an-
alyzed by modelling two structure using the commercial software Comsol
Multyphisics (also proposed in chapter 4). The structure used to evalu-
ate the materials performance are: the structure CPA and a hierarchical
nanospheres structure. The hierarchical nanospheres structure is composed
by two layer of spheres, where the bottom spheres have a diameter (DB)
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equal to 757 nm and a ratio between the upper and bottom spheres (δ)
equal to 0.48. In order to compare the structure according to the method
described in chapter 4, the simulation are performed considering the same
condition. The mesh, the periodic condition (Floquet boundary condition
and port condition with an incident x polarized planar wave) and the di-
mension of each domain are equal to the structure simulated and described
in detail in the chapter4. In figure 7.6 is shown a schematic representation
of the structure simulated, resuming the principal characteristic.
Over the polystyrene spheres is considered a layer of 30 nm made first
with TiN and then with NiGe, for both the structure. To define the mate-
rials were used the refractive index acquired experimentally in the previous
paragraph. For each sample is evaluated the volume integral, calculated
on the conformal layer (made of air and with a thickness of 10 nm), of the
fourth power of the ratio between the electromagnetic local field on inci-
dent field. In the figure 7.7 is reported the spectra (reflectivity and volume
integral) of the CPA simulated considering a layer made of Au (figure 7.7

Figure 7.6. Schematic representation of the simulated hierarchical structure,
showing the main characteristics.
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Figure 7.7. Numerical reflectivity and volume integral for SERS active sub-
strates CPA with: (a) Au, (b) TiN; electromagnetic field distribution normal-
ized to the incident light intensity along the xy cut plane with: (c) Au, (d)
TiN

a), compered with a structure containing a layer of Tin (figure 7.7 b).
Compering to Au, the CPA with TiN exhibits a general lower intensity.
In particular, the maximum intensity value for TiN, reached at 620 nm, is
5.9 µm2, around 6 times less than the maximum reached by Au (equal to
39 µm2 at 920 nm). The CPA with Au shows two side peak with a value
equal to 32 µm2 and 34 µm2 (at 810 nm and 1070 nm, respectively),

that are 5-6 times greater than the maximum intensity obtained with
TiN. In figure 7.7 c and d are shown the electromagnetic field distribution
along the xy cut plane for Au and TiN, respectively. Despite changing the
material, the maps reveal that the tin can turn on the same hot spots of
the Au-CPA, even if in reduced intensity. The reflectivity and the volume
integral for the structure HSN are shown in figure 7.8 a for Au and in
figure 7.8 b for TiN. In this case the response of TiN appears to be worse
compered to HSN with Au, meanwhile exhibits an increase in terms of
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Figure 7.8. Numerical reflectivity and volume integral for SERS active sub-
strates HSN with: (a) Au, (b) TiN; electromagnetic field distribution normal-
ized to the incident light intensity along the xy cut plane with: (c) Au, (d)
TiN

intensity respect the structure CPA with TiN. The intensity increasing is
around a value of 0.3, in fact the maximum value is about 9.6 µm2. Despite
this increase, comparing the performance of the HSN structure with Au,
we see that the TiN has a peak value of about 149 times lower. Meanwhile
in figure 7.8 c and d are reported the electromagnetic field map at 785 nm
and 900 nm for the Au-HSN and TiN-HSN, respectively.
As for the CPA, the HSN structure (considering Au and TiN) are more
intense at 900 nm respect 785 nm, exhibiting the same hot spots. In
the table 7.1 are resumed the principal characteristic of the structure un-
der analysis: the geometrical characteristic, the material and the average
volume integral. Evaluated in the range from 785 nm to 910 nm, the av-
erage volume integral is used to compared the performance between the
substrate. In this range, the structure with TiN keep the trend that the
structure HSN is better respect the CPA (trend arise in the analysis made
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in chapter 4 and chapter 6). The HSN is 5.4 and 3.7 times greater than
the CPA, considering the gold and the TiN respectively. The loss of per-
formance is evident pass from Au to TiN. In fact the HSN with Au shown
a AVI equal to 116.08 µm2, respect the AVI of TiN (8.35 µm2) is 139
times higher. Considering the sample chosen HSN represents the optimal
structure for gold, obtained following a thorough numerical analysis, the
optimum for HSN-TiN may not coincide with the one for gold. Despite
the above observation, even in this case, the HSN structure proves to have
better performance than the CPA structure.

Table 7.1. SERS performance estimation for CPA and HSN substrate in
terms of Average Volume Integral, considering Au and Tin as material.

Name DB δ Material AVI AV IHSN
AV ICPA[nm] [10−17]

CPA 757 - Au 21.41 -
CPA 757 - TiN 2.25 -
HSN 757 0.48 Au 116.08 5.396
HSN 757 0.48 TiN 8.35 3.709

The above analysis is also implemented for the NiGe, which refractive in-
dex is experimentally acquired (in the previous paragraph, shown in figure
7.5 b) and used to perform the following simulation, in the same condition
(CPA compered to HSN). The reflectivity and volume integral are shown
for the structure CPA in figure 7.9 a for Au and figure 7.9 b for NiGe.

In figure 7.9 c and d are reported the electromagnetic field map, normalized
to incident field at 785 nm and 900 nm for the CPA with Au and NiGe,
respectively. The reflectivity of NiGe appears to be quite linear with gen-
eral value under the 0.3, unlike the one of Au-CPA . The volume integral
exhibits two main peak at 612 nm and 720 with an intensity value equal to
3750 µm2 and 3320 µm2 respectively. Considering the structure with Au
the volume integral is two order of magnitude lower than the NiGe. In fig-
ure 7.9 d, the electromagnetic field intensity maps oh NiGe-CPA shows hot
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Figure 7.9. Numerical reflectivity and volume integral for SERS active sub-
strates CPA with: (a) Au, (b) NiGe; electromagnetic field distribution nor-
malized to the incident light intensity along the xy cut plane with: (c) Au, (d)
NiGe.

spots, equal in number but in reduced intensity compared to Au (in figure
7.9 c). This phenomenon is explainable considering that the volume inte-
gral of Nige shows very intense peaks localized in the range of wavelengths
below 780 nm. Indeed, for the Au-CPA structure electromagnetic maps re-
veal well-defined and intended hot spots, keeping in mind that the volume
integral shows very intense peaks around 785 nm and 900 nm. In the figure
7.10 a and b are reported the reflectivity and the volume integral of the
structure HSN, simulated with Au and NiGe respectively. In this case the
performance look like their are inverted respect the previously substrates.
In particular, the HSN with Au shows a volume integral higher than the
NiGe about three order of magnitude. The main responsiveness of the Au
HSN structure is principally in the wavelength region going from 950 nm
to 1100 nm. For Au, the maximum intensity peak is equal to 1430 µm2 at
1030 nm, exhibiting a bandwidth of approximately 200 nm. Meanwhile,
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Figure 7.10. Numerical reflectivity and volume integral for SERS active
substrates HSN with: (a) Au, (b) NiGe; electromagnetic field distribution
normalized to the incident light intensity along the xy cut plane with: (c) Au,
(d) NiGe.

the NiGe substrate exhibits a thin peak with a maximum value of intensity
equal to 3 µm2. The NiGe HSN structure compared to NiGe CPA shown
a decrease of performance. In figure 7.10 c and d , it is interesting to
observe the electromagnetic fild distribution for Au-HSN and NiGe-HSN,
respectively. Whereas the volume integral has a single peak around 3 µm2

at 960 nm, while the for the rest of the band has a value lower than 0.5
µm2, the field maps show hot spots with extraordinarily lower intensity
than the maps of the Au-HSN. In the table 7.2 are listed the main charac-
teristic of the above structure. The AVI of the Au-CPA structure results
to be two times the AVI of the NiGe-CPA. Considering the figure 7.9, the
highest response of the structure is located in the region before the wave-
length 770 nm. Above the wavelength 770 nm, the performance appears to
be worse than the Au-CPA. The NiGe-HSN structure show a lower perfor-
mance respect the NiGe-CPA, exhibiting a AVI ratio equal to 0.02, against
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the AVI Au ratio equal to 5.39. The overall performance of the analyzed
materials (TiN and NiGe) is quite poor compared to gold. Keeping in
mind that the working range of nickel germanide is the medium infrared,
considering that the structure used for comparative analysis represents the
optimal structure with gold, despite the obtuse performance, the materials
are to be deepened in the study. In fact, in future objectives are part of
the study of materials expanding/varying the range of wavelengths in the
medium infrared and verify that the performance of other structures HSN
(varying diameters) with the above materials. In other words, thanks to
the study of geometries, field maps and volume integral, the aim will be
to try to effect resonance tuning for Nige (the most promising material).
By carrying out an in-depth study and fine tuning of the characteristic
resonances, the potential expressed in part by the analysed structures can
be fully exploited.

Table 7.2. SERS performance estimation for CPA and HSN substrate in
terms of Average Volume Integral for Au and NiGe.

Name DB δ Material AVI AV IHSN
AV ICPA[nm] [10−17]

CPA 757 - Au 21.41 -
CPA 757 - NiGe 11.89 -
HSN 757 0.48 Au 116.08 5.396
HSN 757 0.48 NiGe 0.23 0.02



Chapter 8
Conclusions

In the previous chapters a numerical and experimental analysis related
to the hierarchical structures based on nanospheres, as economic SERS-
active substrates, was presented. The hierarchical architecture allows to
increase the number and overall spatial density of hot spots, taking advan-
tage of additional hot spots formed in the off-plane dimension. A large set
of substrates, varying geometric parameters were considered for the study
of the electromagnetic field, with particular attention to the contribution
made to the enhancement SERS in a limited region near the surface of
gold (of thickness 10 nm). As a simple method to easily compare different
SERS substrates from the point of view of performance in the fingerprint
region, AVI was used. The general conditions necessary to obtain a perfor-
mance enhancement (compared to the classical CPA structure) are defined
by numerical analysis. A regular nanogaps model with intense hot spots
is achieved thanks to the provided geometric constraints. To provide a
regular model of HSN substrates two experimental approaches have been
studied in detail. Morphological analysis shows that it is possible to obtain
HSN structures with a regular pattern with intense and dense hot spots,
taking advantage of a convenient fabrication path. Beside, SERS spectro-
scopic analysis revealed that HSN function as active SERS substrates. In
addition, compared to the simpler CPA substrates, a performance enhance-
ment of HSN structures was observed in terms of average SERS intensity,
of even a factor 3. The numerical model predicted that there are struc-
tures with even higher enhancement than those obtained experimentally.
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However, the inherent variability in the initial nanospheres diameters pre-
vents the achievement of even more intense hot spots. In fact, this intrinsic
variability leads to random fluctuations in nanogaps between nanospheres
and contributes to rather uneven SERS responses. By reducing manufac-
turing tolerances in terms of nanospheres diameters, further enhancement
could be achieved. To overcome the limitations associated with fairly small
nanogaps variability, alternatively, pointed an-isotropic structures could be
used. The numerical and experimental survey reported, hopes that it can
provide guidance to improve the performance of existing SERS substrates
and overcome them by creating new substrates with better performance.
To exploit the regularity of the model used as a substrate for SERS, a hi-
erarchical structure should be conceived with judgment. The bottom layer
of the basic structure can serve as a model for creating an additional top
layer of hot spots. By increasing the number of hot spots or creating a
series of more intense hot spots, the hierarchical top layer of hot spots can
work to completely surpass the performance of previous ones structures.
Simultaneously, a comparative preliminary analysis of the performance of
hierarchical binary structure, considering two alternative materials: nickel
germanides (NiGe) and titanium nitrides (TiN) was implemented. Con-
sidering that the gold is not compatible with CMOS process lines, obsta-
cles were posed in the development of cost-effective and large-scale SERS
devices. Efforts have been dedicated to find an alternative to blending
metals with non-metals, to overcome the above limitations. In this con-
text, nickel germanides and titanium nitrides play a crucial role offering a
solution. The outcomes of the preliminary numerical analysis performed
stand on this way, identifing the nickel germanides as promising material.
In the future, a numerical study will certainly have to be carried out to
synchronize the response due to the optical properties of the material and
the influence of the geometry to obtain the best structure with the nickel
germanides.
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