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Abstract

Raman spectroscopy is a versatile and non-destructive qualitative and quantitative chemical
analysis technique applicable to gas, solid, and liquid samples.

Despite its advantages, the widespread use of Raman spectroscopy has been limited due to the
intrinsic weakness of Raman scattering, occurring only for a small fraction of scattered photons
(around 1 out of 107).

To address this limitation, Fleischmann introduced a variation of this spectroscopy, named surface-
enhanced Raman scattering (SERS), which exploits metal nanoparticles to increase the Raman
signal by several orders of magnitude thanks to some localized plasmonic resonance phenomena.
This thesis explores diverse methods for preparing Surface-Enhanced Raman Spectroscopy
(SERS) sensors, ranging from direct chemical synthesis of gold nanoparticles to metal-thin film
deposition on nanostructured substrates. Addressing the challenge of identifying the most versatile
and repeatable method, considering sensing conditions and target applications, it provides a first
chapter containing a comprehensive review of the optical properties of metals and the principles
of SERS.

The second chapter delves into the direct chemical synthesis of SERS substrates, which is
performed using optimized process parameters studied through a Monte Carlo simulation to
maximize the SERS signal intensity of a certain Raman band for a given excitation wavelength.
Such an approach allowed for the preparation of the SERS sensor, which demonstrated a detection
limit of 0.32 nM for skatole in water at an excitation wavelength of 785 nm.

A second innovative technique, described in Chapter 3, involves vapor-phase chemical dewetting
for synthesizing silver nanoparticles, showcasing versatility in both SERS detection Rhodamine-
6G and application as a shadow mask for silicon etching.

Such an approach, which is based on the exposure of a thin film to hot water or acid vapor, is a
valid alternative to thermal or laser treatments to induce the dewetting in the spinodal regime due
to its lower cost and the possibility of working on heat-sensitive substrates.

The fourth chapter discusses the preparation of SERS sensors by depositing thin films on
nanostructured substrates, demonstrating exceptional sensitivity in detecting solid contaminants
such as nanoplastics. In particular, a soda-lime glass nanostructure is created by dry etching using
a copper nanoparticle as a shadow mask and coated with a variable thickness of the gold or silver
thin film. The gold-coated device was successfully employed for the detection of 100 nm
polystyrene nanoparticles in water, exhibiting a record limit of detection of 0.68 ng mL"!, almost
three orders of magnitudes better than the current state of the art.

Furthermore, the last chapter emphasizes the importance of analytical software tools for the
advanced processing of microscope images, facilitating comprehensive characterization of micro
and nanostructured surfaces.

The thesis concludes by summarizing findings and discussing future perspectives for advancing
SERS technology.
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Figure 87: Extedended Depth of field image for two stainless stell laser-processed samples (a and
c). Image with an heatmap overlay for the indication of the feature depth (b and b)................. 121
Figure 88: Tridimensional reconstruction of laser processed sample of the samples shown in Figure
YU 121
Figure 89: PETE track-etched membrane as provided (a), after O» treatment (b) and after the Ag
thin-fIlm dEPOSTLION (C). weeerurieeeiieeiiie ettt e et e e e et e e e ta e e sraeesbaeesasee e sseeennseeenseas 126

Figure 90: a) UV-VIS reflection spectra of the bare and coated membranes. b) Raman spectra of a
Rhodamine6G 1uM solution obtained with standard gold-coated membrane and with the
NANOSIIUCTUTE MEMDTANE. ....eueeiieiiieiieitieie ettt ettt et e s bt et eetesbeebeeaeesbeenteseeesseensens 127
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INTRODUCTION AND OBJECTIVES

Surface Enhanced Raman Spectroscopy (SERS) is, nowadays, a pretty common technique for the
study and detection of contaminants and biomolecules in water at concentrations as low as 1071-
10" M. Different methods for preparing SERS sensors are available, and it is challenging to
identify the most versatile and repeatable without considering the sensing conditions and the target
applications.

This thesis aims to investigate the preparation of SERS sensors by different methods, ranging from
the direct chemical synthesis of gold nanoparticles to the metal-thin film deposition on a previously
nanostructured substrate. The advantages and disadvantages of each of these sensors are discussed,
and an estimate of the detection limit is provided to better address the reader towards the most
efficient technology for his own application.

e Chapter 1 - FUNDAMENTALS ON OPTICAL PROPERTIES OF METALS AND
SURFACE ENANCHED RAMAN SPECTROSCOPY. This chapter serves as a review of
the state of the art and as an introduction to the principles on which SERS is based. Optical
properties of bulk metals are introduced, and their evolution is described as the materials
are scaled down to nanometric size. The chapter also introduces Raman spectroscopy,
putting in evidence its limitations and the need for a more sensitive technique, such as
Surface Enhanced Raman spectroscopy, whose mechanism is also briefly discussed.

e Chapter 2 — SERS SUBSTRATE BY DIRECT CHEMICAL SYNTHESIS. This chapter
deals with the preparation of SERS substrates by deposition of metal nano seeds on a
functionalized substrate and their subsequent growth to tune both the size and the
morphology of the nanoparticles. This chapter also describes the optimization of the
substrate through Monte Carlo simulation of the seed deposition. Such SERS sensors have
been successfully employed for the detection of skatole in water, achieving a limit of
detection below 1 nM.

e Chapter 3 — SERS SUBSTRATE BY VAPOUR-PHASE CHEMICAL DEWETTING OF
THIN FILM. This chapter introduced a highly innovative technique for synthesizing silver
nanoparticles: the vapor-phase chemical dewetting. These methods simply consist of
exposing a silver thin- or ultra-thin film to a high-volatility acid (e.g., HCl or HNO3) or
hot water vapor to induce instability and obtain the dewetting of the film to form
nanoparticles or nanoparticles. The obtained nanoparticles have been employed for the
detection of Rhodamine6G in a concentration as low as 101 M. The application of the
obtained nanoparticles as a shadow mask for silicon etching is also described.
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Chapter 4 — SERS SUBSTRATES BY THIN-FILM DEPOSITION ON PILLAR-
NANOSTRUCTURED GLASSES. This chapter deals with preparing SERS sensors by
depositing a gold or silver thin film on a previously nanostructured substrate. In this work,
we used a soda-lime glass substrate etched in reactive ion etching using copper
nanoparticles prepared by laser-induced dewetting as a shadow mask. The effectiveness as
a SERS sensor was demonstrated by successfully detecting a 500 nM solution of 4-
mercaptobenzoic acid and polystyrene nanoparticles, obtaining an extraordinary limit of
detection of 0.8 ng mL"!. In the same chapter, we will also discuss the preparation of a
SERS sensor on a polyethylene terephthalate track-etch filtering membrane by oxygen
plasma and the subsequent deposition of a silver or gold thin film.

Chapter 5 — SOFTWARE ANALYTICAL TOOL. The preparation of SERS sensors and
generally nanostructured surfaces usually requires a comprehensive characterization. In the
frame of this thesis work, several analytical tools for the advanced processing of
microscope (both optical and electron) images were developed and are briefly illustrated
in this chapter.

Chapter 6 — CONCLUSIONS AND FUTURE PERSPECTIVE. The conclusions of the
research work are drawn and some possible future developments are discussed.
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Chapter 1

FUNDAMENTALS ON OPTICAL
PROPERTIES OF METALS AND
SURFACE ENHANCED RAMAN
SPECTROSCOPY

This chapter begins with a gentle introduction to the optical properties of bulk metal, describing
the different mechanisms of interaction of the matter with the electromagnetic fields and providing
a quantitative description, employing a classical theory known as the Drude-Lorentz model. The
attention is then focused on the optical properties of nanostructured metals to illustrate how the
confinement due at the nanometer scale influences the electronic structure of the metal and,
therefore, its optical properties.

We’ll start from some fundamental considerations on the optical modes in a metal nanoparticle
introduced through a simple quasi-static calculation following the Clausis-Mossotti equation, later
we’ll expand the theoretical framework by discussing Mie's theory's fundamentals and major
results. Finally, the presented theoretical backgorund is used to introduce the Surface Enhanced
Raman Spectroscopy (SERS), which is the main topic of the present thesis, and its fundamentals.

1.1 OPTICAL PROPERTIES OF BULK METALS

Metals can present different electronic structures, as illustrated in Figure 1. Some metals, such as
alkali metals, magnesium, and aluminum, show a completely filled valence band (VC) and
partially filled conduction band (CB). In this case, when electrons are excited by an external field,
they are likely to move from two different levels in the conduction band, and most of the electronic
properties are determined by the intraband transitions within the CB. Given their typical
associated energies, these transitions contribute to the absorption in the IR frequency range and
the reflection in the visible range.

Intraband transition can be easily modeled using a classical approach known as Drude’s model. In
this theory, the electron is treated as a free particle gas and the correlation between their positions
is described in terms of collective oscillations at a frequency w.

If the electrons are excited by a wave with a frequency below the plasma frequency wp, this can
determine the reflection as they can screen the field of the incident wave. On the contrary, if they
are excited above the plasma frequency, they cannot respond fast enough, and the behavior of the
metal is similar to that of a dielectric.
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Figure 1: Different electron band structures observed in metals, semiconductors, and dielectric. Metals can
have either a filled valence band (VB) adjacent to the conduction band (CB) or an overlapping of these two.
In semiconductors and dielectrics, the VB and CV are separated by a gap of different amplitude.

Other metals can also present a structure that allows some interband transition, i.e. transitions
from VC to CB or from CB to other unoccupied levels are possible. Moreover, in noble metals,
such as copper and gold, both contributions are relevant and can influence the electric/optical
response of the material over a very broad range of frequencies. In fact, Cu and Au are the two
only colored metals within the periodic table while all the others are substantially colorless [1].
This happens due to the fact that their electronic configuration is an exception to the well-known
Autfbau principle [2] which dictates an increasing energy order for filling the atomic subshells,
thus giving [Ar]3d’4s? for copper and [Xe]5d°6s? for gold. From both theoretical calculation and
experimental measurements, we observe that the energy required for the 5d—6s transition in Au
and for the 3d—4s in Cuis equal to 1.9 eV [3] and 2.7 eV [4] respectively, implying that these two
metals absorb in the blue region giving them yellow and brown-red color respectively.

The very low transition energy value for Au is due to its high atomic mass, which leads to
relativistic effects that raise the energy of the 5d band and lower the energy of the 6s band.

Silver has a similar electronic configuration (e.g. [Kr]4d®5s?) but endures a very low relativistic
effect and has a transition energy equal to 4.8 eV. For this reason, its absorption is located in the
UV range, and it appears to be colorless.

1.2 DIELECTRIC CONSTANT AND REFRACTION INDEX

Supposing that the total charge density p is zero, Maxwell’s equations in a macroscopic medium
can be written in the following form:

~ -~ 10D 4m,
Ve T @
VxE+128_
c Ot



<l <l
| Ol
Il

S O

Where H is the magnetic field vector, E is the electric field vector, D is the electric displacement

field vector and B is the magnetic flux density vector.
For an electromagnetic field, we look for a solution to the Maxwell’sequations in the form of a
plane wave:

E;(#,t) = Eyexp(k - # — wt) (1.2)

Where the vector k is a complex vector named propagation constant and w is the angular frequency
of the wave.

It is important to note that we can decompose the propagation constant into a real part k , also
named wave vector which describes the wave propagation in the medium, and an imaginary part

k which describes the damping of the field.
k=k +ik" (1.3)

The modulus of the propagation constant[5] is given as:

|k| = \/—w?ue + jouc (1.4)

The norm of the propagation constant can be related to the dielectric constant € and the magnetic
permeability u of the material through the following relation:

w

k=—. en (1.5)

c

Please note that, since in the present thesis we are only dealing with non mangetic materials and
with fields in the visible or near infrared (NIR) range we always assume, unless differently
specified, that u = 1.

In conclusion, a refractive index (complex) 7i can be defined as the square root of the ratio of the
product eu in the medium and gyu, in vacuum.

’ el
n= |— 1.6
Eolp (1.6)
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1.3 DRUDE AND DRUDE LORENTZ MODEL

Once we defined the meaning of the dielectric constant and how it relates to the optical properties
of the material, we can introduce the microscopical mechanism which determines the optical
response of the material. In the frame of this thesis, we will introduce only classical and semi-
classical models, leaving the quantum mechanical approach to specialized textbooks.

Let's consider a generic electromagnetic radiation in the form of a plane wave again. For simplicity,
we consider an isotropic material made of electrons bound to the nuclei that we assume to be
represented as randomly oriented harmonic oscillators. In this case, we can neglect the spatial
propagation in equation (1.2) and we can rewrite it as follows:

E = E, exp(iwt) (1.7)

When interacting with a solid material, such a field exerts on its electrons a drag force Fe) given
by:
ﬁe = —¢F = —ef(; exp(iwt) (1.8)
Due to the collisions among all the moving electrons a viscous friction force ﬁf is developed. This
friction force opposes the drag action of the electric field:

5 Melg

Fr=—— (1.9)

Moreover, a recall force representing the bond between the electrons and their respective nuclei
should also be taken into account. However, since electrons are free to move from one nucleus to
another according to the metallic bond model, we can, for the moment, neglect the contribution of
such recall force. Thus, according to Newton’s law, and considering the (1.7),(1.8) and (1.9), we
can obtain the following equation of motion for the metal electrons:

d?x

S — meVg
mog = Z F; = —eE, exp(iwt) — — d

(1.10)

By considering the electron in a one-dimensional system and rearranging equation (1.10) one can
obtain the following differential equation:

d’x 1dx eE,
R T T i = 1.11
172 +.U 7 + — exp(iwt) =0 (1.11)

A solution to (1.11) can be found in the form:

ek,

*() = - —m(w? + iyw)

exp(iwt) (1.12)
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From this, it can be proven that the dielectric constant according to Drude’s model [6] for the free-
electron ex(w) is given as in (1.13).

2

Wp
& =-1-— 1.13
2
Where wp = iVe:l is a natural reference frequency of the system named plasma frequency.
0'fte

By rearranging equation (1.13) the real and imaginary parts of the complex dielectric constant can
be expanded as follows:

wZ _1(1)_1
Py—) (1.14)

2.,-2
gr(w) =ep(w) +iegp(w)=(1 LY +i
1+ w?y?

1+ w?y?
In an ideal metal, the electrons fully behave as an ideal gas of electrons, and therefore, there will
be no viscous damping forces, i.e. y = 0. For this reason, the dielectric constant should become a
purely real number and can be simplified in the following form.
2
Wp
gr(w)=1-— m (1.15)
The same expression is obtained even if y # 0, but the metal is in the so-called high-frequency
regime, i.e., the frequency is very close to plasma frequency, and therefore the damping is
negligible (wy~! > 1). This situation, where we can neglect the damping term, is also known as
the transparency regime.
All the cases analyzed so far represent a system where only intraband transitions, i.e., free-electron
contribution, are considered. However, it is possible to take into account interband transitions by
adding a recall force contribution. This contribution, representing the bonding interaction between
the electrons and their respective nuclei, is given as:

E = w2 (1.16)

If we include this contribution to the force balance of equation (1.10), we obtain the following
motion equation:

d?x 1ldx

ek ]
W+;E+w§x+#exp(1wt) =0 (1.17)

By solving (1.17), we obtain, similar to what has been done for the Drude model, an expression
for the complex amplitude of the electron motion.

d?x 1ldx

d’x ldx (1.18)
dt? + y dt

eE
+ wix + Woexp(iwt) =0
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Analogously to the previous approach, the solution to this equation can be calculated as follows:

qE,
x(t) =
© m wi—w?—iw

” exp(iwt) (1.19)

And we can obtain the dielectric constant for the bound case:

wp

ep(w)=1— (1.20)

w? — iwy — w
As stated previously, in some metals we can have a contribution from both intraband and interband
transition so that a good representation of the dielectric constant is given by the so-called Drude-
Lorentz model [6] :

(1)2 wlz
P P (1.21)

e(w) = ep(w) +ep(w) = 1_a)2+iyw_a)2—iwy’—a)g
In Figure 2a, the equation of Drude’s model (1.15) is used to fit the optical data of gold obtained
by Johnson and Christy[7]. Whereas the model can accurately fit the experimental data in the near-
infrared region, it is unable to represent the behavior below a wavelength of 600 nm. In b), we
report the same optical data by Johnson and Christy fitted with an extended Drude-Lorentz model
(1.16). This model improves the accuracy of the representation until a wavelength of around 450
nm by introducing the adsorption by the interband transition.

20 ‘ ‘ . " " 8 20
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Figure 2: (a) Fitting of the dielectric constant of gold using Drude’s model and (b) fitting of the dielectric
constant of gold using Drude-Lorentz’s model. It is clearly shown how Drude’s model doesn’t reproduce
the interband transition.
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1.4 ELECTRIC FIELD AT THE INTERFACE BETWEEN A DIELECTRIC
AND A METAL

Let’s now consider a single interface between a dielectric and metal layers [8], [9], as reported in
Figure 3.

DIELECTRIC

METAL

Figure 3: Geometry of the interface between a metal and a dielectric whose optical properties are discussed
within this section.

In many reference textbooks, it is shown that by rearranging Maxwell’s equations, assuming no
external charges and current are present, one can obtain a wave equation in the form of a Helmholtz
equation (1.22):

R w? 1.22
VE+,ueC—2E=O ( )

These equations must be solved for the two regions, i.e. metal and dielectric regions, and the
obtained solution must be connected through appropriate boundary conditions.

At this point, we want to study the behavior of an electromagnetic wave propagating
perpendicularly to a dielectric-metal interface. For a reason that will be clarified in the following,
we start looking for a solution to the Helmholtz equation in the form of a p-polarized (transverse
magnetic) wave.

Due to the symmetry of the system, we assume the x component of the wave vector to be constant
and equal in the two mediums, i.e. k, = k2 = k.

We can, therefore, write the following set of equations for the two media:

{E,? = Eyexp(ik,x + iklz) z>0 (123)
EY = E, exp(ik,x — ik z) z<0 '
The imposition of the continuity conditions at the interface requires that components of the wave-
vector parallel to propagation direction in the dielectric and in the metal are given, respectively,
from (1.24) and (1.25):
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K2 = JGPR)? — = [2w? — k2 (124)

= T — 1 = [ w? — g (125)

We now require that both k2 and k} have a positive imaginary part, so that the wave will decay
exponentially within the two media, i.e. Im(k2) > 0 and Im(k¥) > 0. By repeating the same
calculation for a TM wave it can be proved that no surface mode exists, so one can conclude that
surface plasmons are photonic modes that exist only for TM-polarized waves.

kE
EP = — kDO exp(ikx +ikPz) z>0
zZ
_ kE,
=

(1.26)
Ey

exp(ik,x — ik} z) z<0

By imposing the continuity condition of the z-component of the field across the interface one
obtain the following relations:

We now replace (1.27) with (1.24) and (1.25) and solve for k,, which is also denoted in many

textbooks as Ksp(w):
W ’ EpEm
K =— 1.28
sp(w) ¢ |epten ( )

By assuming the permittivity of the dielectric equal to 1 and replacing with Drude’s model equation
in the (1.15) the dispersion relation as a function of w is easily obtained and is reported in Figure
4.

(1.29)
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Figure 4: Dispersion relations for a surface plasmon. The red dashed line indicates the light line.
For both the dielectric and the metal, we can define the skin depth, L, and L,, respectively, as the

distance normal to the interface at which the amplitude of the field is reduced by a factor e =
2.718.

1
A ey +ep\2
LD=2—< ut ) (130)
T\ &3
1
A (ey +ep\?
LM:2—< 2 > (1.31)
T\ &

The values of skin depth for the metal are usually of the order of some tenths of nanometers. For
example, for gold/air and silver/air interface at 630 nm, the skin depth of the metal is 29 nm and
24 nm, respectively [8].

Moreover, we can define the propagation length L,, as the distance parallel to the interface at which

the amplitude of the field is reduced by a factor e.

1

L,=—
p Zﬁ”

(1.32)

1.5 LOCALIZED SURFACE PLASMONS

So far, we have dealt with plasmonic resonance at a plane dielectric-metal interface. However, by
exciting the plasmon in a nanoparticle with a size smaller or comparable to the radiation
wavelength, it is possible to obtain a confined mode named /ocalized surface plasmon[10]. This

25



confinement, which, for the case of spherical nanoparticles, is along all three dimensions, is such
that the particles can support only discrete plasmonic modes[9].
The confinement of the plasmonic modes essentially give two effects on the optical properties of
the particle:
e The electric field is strongly enhanced in proximity of the particle surface.
e The particle shows strong adsorption with a maximum corresponding to its plasmon
resonance frequency.

The localized surface plasmon in a spherical metal particle can be studied readily in a quasi-static
approximation. Being the particle radius is much smaller than the wavelength, it is legitimate to
assume that the field is constant over the entire particle, and the problem is reduced to one of a
sphere in an electrostatic field.

Given an electrostatic E_O) field impinging on a particle radius a, one can write the induced
electrical potential inside ¢;,, and outside ¢,,,; particle as:

—3¢p (1.33)
S =— " F
Qin o ¥ 22, or cos B
&y — &p cosB (1.34)

ey +2ep 12

Pout = —Eor cos 8 + a3E,

From (1.33) and (1.34), following some simple passages described by Xu, one can prove that the
polarizability of the sphere is given from the Clausius-Mossotti relations:

a = 4meyad fm e (1.35)

&y + 2¢p
From this, it is clear that the polarizability diverges for the denominator &y + 2ep = 0 and
therefore leads to a resonance. Suppose we can assume that the imaginary part of the metal-
dielectric constant is slowly changing. In that case, the resonance condition can be rewritten in a
simplified form, generally known as Frohlich conditions:

Reley(w)] = —2¢ (1.36)

From (1.35) and (1.36) we can observe that the magnitude of polarizability is proportional to a3
but the frequency of resonance is determined only by the dielectric constant of the particle and the
surrounding medium. However, this formula is in total disagreement with the experiments, where
it is observed that the resonance peak undergoes a redshift when the particle size increases. In
fact, as the particle's radius becomes closer to the radiation wavelength, the electromagnetic field
can not be considered uniform within the particle anymore, and retardation effects must be
considered.
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Moreover, by increasing the particle size, the damping due to scattering contribution becomes
relevant, and a broadening of the resonance peak is also observed. A corrected version of the
polarizability is given by a modified long-wavelength approximation (MWLA):

a 1
Amrwa = a (1.37)

__ & g2 & 3
1 47Tak 67le

Introducing the (1.37) in the definition of absorption cross section derived from Rayleigh
scattering theory one obtains:

p e—¢
Caps = ‘;—bs =k Im(a) = k4n£0a31m< 5 ad ) (1.38)
0 E— EM

From (1.38) it is clear that the resonance frequency is also dependent on the dielectric constant of
its surroundings. Increasing the nanoparticle size will shift the resonance frequency to higher
values (red-shift), whereas a decrease will cause a blue-shift.

A metal sphere immersed in an air surrounding exhibits a resonance at:

1
W =ﬁwp (1.39)

This localized electric field enhancement has been exploited for several photonics applications. In
the rest of this section, we will focus on the use of localized surface plasmons for spectroscopic
and microscopy applications.

1.6 MIE-SCATTERING FOR SPHERICAL PARTICLES

If we consider Maxwell’s equations in vacuum and rearrange them, we can obtain the so-called
vector Helmholtz equation:

(V+k?)E=(V+k?)H=0 (1.40)

The analytical solution to the problem of scattering by a sphere was introduced by the physicist
Gustave Mie in 1908 [11], [12]. The following description is largely based on the treatise by
Bohren and Huffman [11].

Due to the spherical geometry of the system, his approach is largely based on the spherical
harmonics expansion of the incident wave in the inner and outer regions of the scattering sphere.
As the spherical harmonics constitute a complete orthonormal set, any other function can be
expressed as an infinite sum of these harmonics.

We can solve Laplace’s equation in spherical coordinates the method of separation of variables,
obtaining a solution that is the product of three functions:
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E(r,0,¢) = R(r)O(6)P(¢) (1.41)
The term @, which is a function of the azimuthal angle ¢, is in the form
O(p) = et/me (1.42)
The © dependent term is given by the so-called Legendre’s polynomials B;"*
0(6) = P (cosh) (1.43)

And finally, the radial dependency is represented by one of the four spherical Bessel’s functions
Zn

R(r) = z,,(kr) (1.44)

Therefore we can write the function as two functions with different symmetry due to the behavior
of the azimuthal terms: an even function Y,,,,, and odd one Y,,nn:

Weomn = Zn(kr)B*(cos 0) cos m¢
Yomn = Zn(kr)B*(cos 8) sinme (1.45)

n=12,..,00 m=0,%1,%+2,+n

Being all the factors z,(kr), P;*(cos 8) and cos m¢ a complete orthonormal set, every solution
of Helmoltz equations can be expressed as a linear combination of the (1.45).

In particular, the angular part of the, known as spherical harmonics functions, is a complete
orthonormal set over a sphere. For this this reason all the functions define over the surface of a
sphere can be expressed a sum of spherical harmonics functions.

However, Mie’s method aims to find a vector field that is a solution of the wave equation in its
vectorial form. We introduce another vector function, named spherical vector functions (SVH)
[13]-[15], and defined as:

Mym =V X (pm ) (1.46)
— 1 — —
Nom = 2V X My (1.47)

We can easily demonstrate that both (1.46) and (1.47) are null-divergence solutions of Helmholtz
equation, i.e.:
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(V+ k2) My = (V + k)N, = 0 (1.48)

—

V-Myy,=V-Ny,=0 (1.49)

At this point, every electric field whose solution of Maxwell’s equations can be expressed as an
infinite sum of these vector spherical harmonics. We obtain the following expression for the

incident field E;,,., the scattered field outside the particle E., and the field inside the particle E;,.

o

= in(Zn + 1) — e
Einc = Ey Z m [Monl(kM) - lNenl(kM)]
n=1
. Ci"2n+1), - -
Buca = ~Eo ) = omis™ [bubons (k) = it Nons ()] (1.50)
. CitCn+ 1), o
Einn = EO Z m [ﬁnMonl(kM) - lanNenl(kM)]

We apply the boundary conditions at the particle interface to obtain the following identities for
both the field E and H of the (1.51) and (1.52) respectively.

(Einc + Esca) XUy = El X Uy (1.51)

(ﬁinc + ﬁsca) XU = ﬁl X Uy (1.52)

The coefficients a, and b, are the coefficients from the expansion of the electrical field into
spherical harmonics and are given as in (1.53) and (1.54).

Oy, ()~ ()i ()
" mp (man’, (0 = ¥, (na (o)

(1.53)

_ Yu(m)y’ (x) —myp’, (mx)ipy, (x)

o = o GO — iy () ()

(1.54)

The scattering cross-section is defined as the ratio between the scattered power W; and the incident
flux [; is given as:
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W

Csca = I,

21
=2 @t D(lanl? + by (155)
n=1

Similarly, the extinction cross-section C,,; defined as the ratio between the total power scattered
and absorbed by the object W,,; and the incident flux ; is given as:

W 21 -
Core = —22 = FZ(Zn + 1Re(a, + b,) (1.56)
L n=1

More details and a Fortran implementation of the Mie methods for studying the light scattering by
a sphere are available in the textbook by Bohren and Huffman [11].

Examples of the cross-sections for a silver and gold nanoparticle calculated with Mie’s theory are
reported in Figure 5 and Figure 6, respectively.
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Figure 5: Extintion, Scattering, and Absorption cross section for a silver nanoparticle of diameter d=50 nm
in a water media (n=1.33). Calculations have been obtained by Mie’s method using the PyMieScatt [16]
Python library.
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Figure 6: Absorption cross-section a) and extinction cross-section b) for gold nanoparticles of different
diameters d in a water media (n=1.33). Calculations have been obtained bye Mie’s method using the
PyMieScatt [16] Python library.

1.7 SURFACE ENHANCED RAMAN SPECTROSCOPY

Microscopically, when light interacts with a molecule it can induce energy transition which can be
classified as:
e FElectronic transitions: if an electron is excited from an energy level to another level of
higher energy.
e Vibrational (or internal) transitions: if the molecule is promoted to a higher vibration or
rotational energy level.

On the other hand, if we consider the macroscopic behavior when electromagnetic radiation
impinges on a material, different types of interactions can be observed:

e Transmission: the radiation doesn’t interact with the material and is transmitted. This is the
typical behavior of dielectric materials.

e Absorption: if the field can couple with some state transitions, e.g., electron or vibrational
transitions, some energy is transferred from the photon to the material. This leads to the
excitation of a molecule from the initial energy E, to an excited state of energy Ep, where
the transferred energy is given as AE = Eg — Ej.

Suppose the absorption is due to electronic transition. In that case, it occurs in the UV (small
molecules) or visible (dyes) region, whereas if the vibrational transition is excited, absorption
occurs in the IR region. In other cases, we have the phenomenon of scattering: the light interacts
with the molecule, distorting the cloud of electrons around the nuclei. The relaxation of the
electrons releases energy in the form of scattered radiation.

31



Scattering can be, in turn, classified as elastic if the photon energy is conserved or inelastic if the
photon energy is changed, either increased or decreased.

If the cloud of electrons is deformed without nuclear displacement, there is no significant change
in photon energy, and the scattering is considered an elastic process. On the contrary, if the light
induces a displacement of the nuclei, we observed a change, either increase or decrease, of the
photon energy [17].

Nowadays we define Raman scattering as the inelastic scattering effect discovered by
Chandrasekhara Venkata Raman in India in 1921 [18].

The main difference between fluorescence and Raman scattering is that the latter is a simultaneous
process of absorption and emission. In contrast, the former requires some intermediate steps (e.g.
a metastable state). Therefore, Raman scattering is also possible without direct absorption, does
not require any electronics transition, and makes the use of different excitation wavelengths in the
transparency region possible.

The inelastic Raman scattering can be further classified as (see Figure 7):

o Anti-Stokes scattering: the emitted photon has higher energy than the incident. This
phenomenon occurs when the molecule is originally excited and relaxes to a lower energy
state.

o Stokes scattering: the emitted photon has lower energy than the incident one.
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Figure 7: Energy diagram of the Rayleigh, Stokes, and anti-Stokes scattering processes.
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The intensity of Raman scattering I is given as [19], [20]:

da\*
Ira vi, Ign <%) (1.57)

Where vy, is the frequency of the incident radiation, n is the number of scattering molecules in a
given state, @ is the molecule polarizability and Q is the vibration amplitude.

Due to its nature, which requires vibrational modes to be available within the molecule, the
intensity of anti-stoke scattering is dependent on the temperature. In fact, the relative intensity of
the anti-Stokes and Stokes scattering is given as [17]:

(1.58)

Where 1,5 is the anti-Stoke intensity, I is the Stoke intensity, kp is the Boltzmann’s constant and
h is the Planck’s constant.
The Raman scattering by a generic molecule can be described through the Raman tensor Ag, that

expresses the relationship between the exciting field E o and the scattered field E = [21]:

Aex axy Az ERx
Ep = AR Ex = |Qyx Qyy Qyz ERy (1.59)
Uzx Azy Azz]||E Rz

Where Eg,, Eg, and Eg, are the cartesian components of E r Vector.

Scattering phenomena are generally of weak intensity. Indeed, Rayleigh and Raman's scattering
have scattering cross-sections of 1073 and 107¢ — 1077 respectively. This very low cross section
makes the application of Raman spectroscopy for the study of molecules in low concentrations
difficult. To overcome this limitation and fully exploit the versatility of Raman spectroscopy, a
novel technique named Surface Enhanced Raman Spectroscopy (SERS) was introduced in 1974
by Fleischmann [22] who studied the Raman spectra of pyridine adsorbed on a roughened silver
film.

Although in this first work, the Raman signal enhancement was attributed to a higher amount of
molecule that can be adsorbed on a rough surface, it was later concluded by Van Duyne [23] and
Creighton [24] that it was the result of an increase of the Raman cross-section. They both observed
that the enhancement factor due to the increased specific surface area introduced by the roughening
should have been lower. In contrast, they observed values of several orders of magnitude higher.
In particular, Van Duyne measured a SERS enhancement factor of 10° for a pyridine molecule on
a silver substrate and suggested the interaction of the Raman vibrational modes with the surface
plasmon of the metal.
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Over the years, in many works, it has been assumed that the SERS enhancement factor SEF is
proportional to the fourth power of the field enhancement factor, but a rigorous proof was
published only in 2006 by Le Ru et al. [25].

(1.60)

Where E 1, 1s the electric field localized on the surface of the metal structure and E o 1s the electric
field of the incident radiation.

In particular, Le Ru identified two main electromagnetic contributions to the SERS effects: a first
term M; due to the localization of the electric field close to the metallic surfacen and a second one
M,.qq Which is related to the increase of the radiated power by Raman scattering.

SEF = BM;(0o)Myqq(wr) (1.61)

Where S is a constant whose value is usually close to 1. The field E;, 1 oscillates at w, and induces

a Raman dipole of momentum d=a EL oscillating a frequency wg. Considering an isotropic
Raman tensor:

- 2
E,

—

M, = (1.62)

Eo

For a similar reason, also the field E r emitted by the Raman dipole oscillating at the frequency is
enhanced by field localization on the particle surface.

The SEF can be therefore expressed as product of two enhancement terms; one at the incident
frequency w, and the other referred to the Raman frequency wg, namely:

2 2 2 2

E (w E (w E (w E (w + Aw
SEF — Lg 0) LE R) — LS O) L( O_> R) (163)
Ey Ey Ey Ey

But since the value of Raman shift is typically small if compared to the incident frequency (it is
usually limited to 3000 cm™1), in a first approximation (1.63) can be rewritten as:

o 4
E; (wo)

—

SEF ~ (1.64)

Eo

However, SERS spectra are not particularly easy to be handled. Concerning normal Raman
spectra, SERS spectra may contain bands that are usually not visible, or some others can also

34



become extremely weak and disappear. Moreover, the intensity of bands is usually not a linear
function of the concentration.
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Chapter 2

FUNDAMENTALS ON OPTICAL
PROPERTIES OF METALS AND
SURFACE ENHANCHED RAMAN
SPECTROSCOPY

This chapter is largely based on the research paper Synthesis of tailored nanostructured gold
surfaces for SERS applications by controlled seed deposition and growth [26], first-authored by
the author of the present thesis.

Gold nanoparticles (Au NPs) are commonly employed in a plethora of different applications[27],
including the development of catalysis, electronics, medical and sensing devices. Among the other
applications, Au NPs are widely used to prepare surface-enhanced Raman spectroscopy (SERS)
and surface-enhanced infrared spectroscopy (SEIRA) sensors. The fabrication of such sensors can
be achieved by different techniques, including the deposition of gold nano seeds on a
functionalized substrate and their subsequent growth. Usually, the deposition is performed onto
glass, quartz, or silicon substrate that is functionalized with an organosilane exposing a -NH: or -
SH group[28], [29] , which is able to chemically bind to gold seeds. The substrate is then immersed
in a gold nanoparticle colloidal suspension for a certain time, and particles reaching its surface by
diffusion remain bonded to the silane.

The growth of the seed is usually obtained by the reduction of a gold precursor, typically
tetrachloroauric acid (HAuCl4), with a reducing agent such as ascorbic acid [30] or hydrogen
peroxide [31]. This method allows isotropic growth to be obtained, leading to spherical
nanoparticle production. However, the addition of some proper capping agent is possible to obtain
anisotropic nanostructures such as arrays of nanostars[32], nanorods[33] or forests of
nanowires[34].

It was demonstrated that the performance of the SERS sensors is strongly influenced by the surface
coverage factor[35], size of the particles and their center-to-center distance[36], [37]. For this
reason, the possibility of accurately controlling the seed deposition onto the functionalized
substrate is of utmost importance to preparing highly optimized sensors[38].

This chapter describes a novel approach for fabricating a uniform and optimized SERS substrate.

Such optimization starts from estimating the geometry that maximizes the SERS signal for a given
analyte Raman band at a certain excitation wavelength using Boundary Element Method (BEM)
simulation.
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A Monte Carlo simulation is subsequently used to determine the process conditions to
functionalize the substrate by nanoparticle seed deposition and to achieve the optimal center-to-
center particle distance previously studied.

The deposited particles are grown by a seed-mediated chemical reeduction of a gold precusor until
particles touch and form dimers, providing a suitable optical response for SERS measurement at
785 nm. The final deviced has been tested for the detection of skatole obtaining very exciting
results such as a limit of detection as low as 0.32 nM.

Figure 8: Fabrication process of SERS substrates from ERSA simulation to deposition of seed gold
nanoparticles, and subsequent controlled growth to obtain SERS hotspots.

2.1 DESIGN AND OPTIMIZATION OF THE SUBSTRATE VIA BEM
SIMULATION

In gold NPs arrays, the enhancement of the SERS signal is mediated by the field intensity
amplification provided by the localized surface plasmon resonances (LSPRs) residing in the gold
nanostructures, especially in the gaps or grooves (hotspots).

To enhance the response of a flat substrate and control the uniformity of the distribution of the
hotspots for better sensor reliability, we turned to a controlled deposition of seed Au NPs and
subsequent electroless growth of the seeds. We started from the SERS sensor's optical
requirements, assuming a random distribution of various gold spherical nanoparticles with
different lateral distances representing the randomly deposited NP seeds. Assuming uniform
growth for each seed, we can consider the fundamental element of such SERS sensors to be a gold
dimer unit with radius a and center-to-center separation distance d, as illustrated in Figure 1.

The far- and near-field properties of particle dimers in a vacuum are simulated by using the
boundary-elements method (BEM) available through the Matlab-based tool MNPBEM][39]. The
dimer is excited by normal-incident plane wave radiation whose polarization is directed along the
dimer axis. Optical data for gold is taken from Johnson and Christy.

To take into account the field-enhancement properties of the dimer, the Surface Averaged

Enhancement Factor (SAEF) was calculated as the mean over the dimer surface X of the square
modulus of the normalized electric field ?
0
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Figure 9: Schematic of the gold nanoparticle dimers and plane-wave characteristics adopted in

simulations. k and p are the wavector the and the polarization vector of the incident field, respectively.

2

E(4) .

Ey

(2.65)

SAEF(}) = %jﬁ
z

Moreover, to better compare the SERS response of different dimer systems, a SERS
Enhancement Factor (SERSEF) was defined as the product between the SAEF at the laser exciting
wavelength Agy- (785 nm) and the SAEF at a wavelength Agyc + AAgg corresponding to a Raman
shift Adgs:

SERSEF (Agxc, Mgs) = SAEF (Agxc) - SAEF (Agxc + Mys) (2.66)

The dimer was excited with a plane wave propagating downward along the vertical direction and
linearly polarized along the dimer axis. The dimer was assumed to be placed in vacuum (n=1).
Figures 2a-f present the extinction cross-sections as a function of the wavelength and the particle
radius for such gold dimers with different center-to-center separation distances, ranging from 40
nm to 100 nm. For all the center-to-center distances, an abrupt change in the extinction spectra can
be observed when the two spheres approach each other. This is a consequence of the classical
electromagnetic model we are using. Note that this phenomenon is a quantum effect due to electron
smearing and tunneling between two spheres in the nearly touching regime (sub-nanometer gaps).
In this thesis we neglected such a nonlocal effect, as it is impossible to control the diameter of
grown nanoparticles with such atomic-scale precision. A redshift of the resonance can be seen for
touching dimers of larger sizes.

Correspondingly, as shown in Figure 1la-f), the surface-averaged near-field intensity
enhancement peak follows the extinction peak trend, the maximal value of which can be above 10°
when the two spheres are just touching. As the particles continue to grow, the dimers start
resembling larger oblate spheroidal nanoparticles, and a blueshift of the extinction peak is
therefore observed. As a result of the field intensity enhancement provided by those gold dimers,
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we find that, for an excitation wavelength of 785 nm, the surface-averaged SERSEF can be
amplified to a value of nearly 10® for a dimer of @ = 30 nm and d = 62 nm, as shown in Figure 12.
More generally, we observed that this dimer exhibits a SERSEF higher than 10° for all the Raman
shifts in the range from 100 to 2500 cm™'. When the center-to-center separation distance d increases
to 80 nm (Figure 12 e), the SERS signal gets weaker due to the field intensity enhancement
degradation, as shown in Figure 11e. Analogously, if the center-to-center distance is decreased to
40 nm Figure 12 a) the SERSEF will decrease and achieve values lower than 10%,
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Figure 10: Calculated extintion cross section as a function of the particle radius and wavelength for dimers at different center-to-center separation
distances: (a) 40 nm, (b) 50 nm, (¢) 60 nm, (d) 70 nm, (¢) 80 nm and (f) 100 nm.

40



B
o

50 ) 60 3103
35
£ 40 £
s /=] =
) 0 wn 40
3 25 3 ! e ! | P
'_E _rau 30 -E 10
o 20 o o 30
20
15
20
400 600 800 1000 1200 400 600 800 1000 1200 400 600 800 1000 1200 "
A [nm] A [nm] A [nm] %
70 80 100
d) e) f)
60 70
= = = 80
E 50 £60 15
wv ] vl
= 5 50 =
S 40 _\_ 5 5 ©0
30
30 40
400 600 800 1000 1200 400 600 800 1000 1200 400 600 800 1000 1200
A [nm] A [nm] A[nm]

Figure 11: Calculated Surface Averaged Enhancement Factor as a function of the particle radius and wavelength for dimers at different center-to-
center separation distances: (a) 40 nm, (b) 50 nm, (¢) 60 nm, (d) 70 nm, (¢) 80 nm and (f) 100 nm.
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Figure 12: Calculated SERS Enhancement Factor as a function of the particle radius and Raman Shift for dimers at different center-to-center
separation distances: (a) 40 nm, (b) 50 nm, (c) 60 nm, (d) 70 nm, (e) 80 nm and (f) 100 nm. The white dashed line indicates the chosen Raman
excitation wavelength, i.e. 785 nm.
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2.2 SUBSTRATE CLEANING AND FUNCTIONALIZATION

Assuming a certain distribution in the center-to-center distances between the seed NPs requires a
tight control of the deposition process.

Gold seeds are deposited onto a glass substrate after functionalization with an appropriate molecule
thant can bind to the metal and, at the same time, ensure the adhesion of the particles.

In the frame of this work, two alkoxysilane molecules are tested for this purpose, namely (3-
aminopropyl)triethoxysilane (APMTS) and (3-Trimethoxysilyl-propyl)diethylene-triamine
(DETA). The chemical structures of APTMS and DETA molecules are reported in Figure 13.

a) b) __
\ O o
O ~ ,Sl ™~
O O
\O/
HN
NH,
NH
H,N

Figure 13: Chemical structures of the APTMS a) and DETA b).

As can be observed from the chemical structures, both APTMS and DETA contain a silane group
that can undergo a condensation reaction with the -OH groups of the glass surface, forming a stable
covalent bond[40].

This process will produce a glass surface that exposes alkyl chains containing -NH groups that
form an adhesion layer with strong affinity for gold[41].

The first step towards such control is the characterization and control of the surface properties of
the substrate where the seed deposition will occur. To this aim, we evaluated the impact of the
cleaning procedures and functionalization on the surface zeta potential.

Different cleaning and hydroxylation techniques to prepare the glass substrate for silane
functionalization are available and already used by different authors. In our work, we investigated
the effect of three different cleaning procedures, i.e. oxygen plasma cleaning and treatment with
acid and basic Piranha solution, on the surface properties of the glass. The zeta-potential curves,
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obtained with an Antoon Paar Surpass 3 zeta potential titration, in the pH range from 2 to 10 are
reported in Figure 14.

Acid piranha solution was prepared by slowly adding 3 mL of 30 %wt. hydrogen peroxide to 9
mL of sulfuric acid 98%. Basic Piranha solution was prepared by diluting 10 mL of 33% wt.
ammonium hydroxide with 14 mL of water and slowly adding 2 mL of 30 %wt. hydrogen peroxide.
Whereas the acid Piranha solution developed a strong exergonic reaction which cause the
temperature to rise above 50°C, basic Piranha must be heated up to 60°C to sustain its reactivity.

The acid piranha solution is known to be an extremely strong oxidizer and will hydroxylate the
surface by increasing silanol groups Si-OH and lowering the surface contact angle. It was observed
that treating silicon dioxide with an oxygen plasma can lower its CA to about 55°[42], whereas
the treatment in Acid Piranha can bring this value as low as 36.4°[43]. This, with any probability,
is related to a higher density of Si-OH groups within the substrate in the piranha-treated samples.
Since the zeta-potential curves appear very similar and considered the safety concerns in using the
acid piranha solution, we adopted a cleaning procedure based on basic piranha solution for the rest
of this work.

The differences in the zeta-potential curve are also analyzed after the functionalization with
APTMS. One may observe the plasma cleaned functionalized shows the isoelectric point (IEP)
which is almost 2 pH unit lower than the piranha treated sample. Since the Au NPS are usually
supplied and are most stable at pH around 6.5-7, the plasma-treated sample is not a good choice
since it will be negatively charged and will repel particles during the deposition step.
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Figure 14: Zeta-potential as a function of the pH for the clean glass substrate (a) and for the same substrate
after functionalization (b). BP and AP refers to Basic Piranha and Acid Piranha cleaning treatment
respectively.

Since the deposition of a few nm NPs might be affected by roughness on a comparable scale, we
tested the effect of the different treatments on the surface roughness. The results are reported in
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Figure 15 and Table 2. In conclusion, we adopted a cleaning procedure based on basic piranha
before the functionalization to have a surface that is better suited for the deposition of Au seeds.

y [um] 00 x [zm] y [pm] 00 X [pm]

Figure 15: AFM measurement of soda-lime glass after different cleaning procedures: (a) ultrasounds, (b)
oxygen plasma, (c) acid Piranha and (d) basic Piranha.

Cleaning R, [nm] R [nm] IEP [mV]
Treatment
Ultrasound 1.29 1.64 2.35
Oxygen Plasma 2.07 2.78 2.41
Basic Piranha 1.34 1.71 2.03
Acid Piranha 1.79 2.43 1.54

Table 2: Effect of different cleaning treatment on the substrate surface roughness and isoelectric point.
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2.3 NANOPARTICLES CHARACTERIZATION

To develop a simulation model to study and control the deposition of gold nanoparticles from a
colloidal suspension onto a functionalized charged substrate, a thorough characterization of the
colloidal NPs, apart from the surface characterization presented in the previous section, is required.
Indeed, the fundamental parameters of such simulation are the particle size distribution, density,
and zeta potential of the colloidal suspension.

In this work, we employed highly monodispersed gold nanoparticles supplied in a citrate buffer
with a proprietary stabilizer surfactant based on tannic acid. Although nanoparticles in ultrapure
water were also available, we opted for the stabilized type as it is less prone to aggregation in the
solution and maintains its stability for longer.

Average size and particle concentration were obtained from the UV-VIS spectra following the
Haiss procedure[44]. In particular, the particle diameter d can be obtained as:

d =exp (3 ﬁspr — 2.2) (2.67)

450

Where Ag,, is the absorbance at the maximum of the plasmonic resonance peak and A,s is the

absorbance at 450 nm. Moreover, the particle concentration per unit volume N is given by the
following equation:
A450 * 1014

N = (2.68)
_ 2
d2 [—0.295 + 1.36 exp (— (%) )l

The value A,5q 1s dependent on the optical path length, which, in the fitting equation (2.68), is
assumed to be equal to standard value of 1 cm.

The UV-VIS spectra were collected with a Shimadzu UV-2600i in the range from 300 to 900 nm,
using a 70 uL PMMA microcuvette and are shown in Figure 16.

Hydrodynamics radius ay and Zeta potential {p distribution were measured with a Dynamic Light
Scattering (DLS) Malvern Zeta Sizer nano equipped with a 633 nm He-Ne laser. Optical data for
gold at 633 nm for DLS measurement were obtained from Johnson and Christy[7].
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Figure 16: UV-VIS of the gold nanoparticle colloidal suspensions of different particle diameters.

Nominal ay [nm] {p[nm] Co [10Y2 mL™1]
diameter [nm]

10 7 -47.9 5.98
20 12 -50.8 0.65
40 22 -40.5 0.07

Table 2: Properties of the colloidal suspension of nanoparticles of different nominal diameters as provided
from the supplier.

24MODELING AND SIMULATION OF NANOPARTICLE SEEDS
DEPOSITION

Eklof et al.[45] studied the deposition process of gold nanoparticles onto a functionalized quartz
substrate using a Monte Carlo simulation. In his work, largely based on the Random Sequential
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Adsorption (RSA) method[46], [47], each particle is randomly placed at a position within the
substrate, adsorbed if an adsorption condition is fulfilled and rejected otherwise.

The absorption condition assumes that each particle cannot overlap with any other and considers
an adsorption probability related to the repulsion potential with the adjacent particles.

This approach is based on a two-body interaction, i.e., particle-particle interaction[48], and does
not take into account that the functionalized substrate has its own surface charge and can strongly
influence the deposition process.

Cahill et al.[49] studied the adsorption of Poly(amido amine) (PAMAM) Dendrimers on a silica
substrate by a three-body interaction approach and underlined the effect of the charged substrate
on the deposition process. In particular, they observed that the charged substrate causes the
accumulation of an excess of counterions in the proximity of its surface and therefore the Debye’s
length is locally reduced with respect to the bulk of the colloidal suspension.

This Debye’s length near the charged surface is named effective Debye’s length k.sf and defines
as:

_ h eds 2
Keff = K COS kB_T (2.69)

Where k is the Debye’s length in the colloid bulk, e = 1.6002 - 1071°C is the charge of the
electron, (s is the zeta-potential of the charged substrate, kjy is the Boltzmann’s constant and T is
the absolute temperature.

They also derived the interaction potential of two particles W, in the proximity of the charged

substrate as:

Wops

_ 7?2 [exp(kerra)]exp(—kesra) (2.70)
dmegey, | 1+ kepra d

Where Z is the surface charge, ¢, is the vacuum dielectric constant, &y, is water permittivity, is
particle radius radius, and d is the distance between the two particles.

They assumed the zeta potential of the substrate to remain constant throughout the deposition.
However, it is easy to imagine that the deposition of negatively charged nanoparticles onto the
positively charged substrate will decrease its total surface charge and, therefore, its zeta potential.
This work focuses on the development of an improved interaction model, named Self Limitating
Extended Random Sequential Adsorption (SLERSA), for the study of gold nanoparticle deposition
onto a charged functionalized substrate and its experimental validation (see Figure 18 for a
flowchart of the implementation).

Given a substrate of total surface area W and colloidal suspension of particles with radius a and
concentration C, the number of particles that arrives at the surface in a time t by diffusion are
given as[50], [51]
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kgT
N = We, BT (2.71)
12mna
Where 71 is the viscosity of the colloidal suspension solvent, which in the case of water is equal
to 1073 Pa - s.

The simulation iterates N times by randomly selecting a point of coordinates (x;,y;) within the
area of the substrate for each iteration. For each point, the simulation verifies whether there is
overlapping with an adjacent particle, in which case the adsorption is immediately rejected. If there
is no overlapping, the interaction energy between a particle located in (x;, y;) and the N particles
located in its neighbor is given according to the following expression:

N
B Z? exp(keffa) exp[—kesr(di; — 2a)] (2.72)
Wi = Z 4re
=1

0w 1+ keffa (dU — 261)

Where Z is the total charge of the spherical nanoparticles, which can be calculated from its zeta
potential, following the first-order approximation of the spherical Poisson-Boltzmann equation
introduced by Ohshima et al.[52]:

ama’egegkTr I 2 Ys l (2.73)
7Z = 4ma®o 1+ —— d '
pe e f(ys) Kafz(ys) o f(y) y
Where f(y) is defined as:
Yic[exp(—zy) — 1] (2.74)

fQ) =sgn () Sic0z?

and y({p) is a function of the particle zeta potential {p referred to as the reduced zeta potential

el (2.75)
y((p) = kT

A random number p from 0 to 1 is selected according to a uniform distribution. If the reduced
interaction potential k—p;i is greater than p, the adsorption is accepted otherwise it is rejected.

B
At each iteration, if the adsorption is accepted, the effective charge of the substrate is calculated

as a function of the number of adsorbed particles by a charge superposition principle:

4ma’N (2.76)
1 op = 05 +400p
S

Ueff = Oy +
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Where g5 and op is the surface charge density of the flat substrate and of a particle, respectively,

ma?N .
is the surface

N is the number of particles deposited onto a given substrate area A and 8 =

S
coverage factor.

The effective zeta potential is therefore obtained by solving numerically (2.73) [53] and used to
calculate the effective Deybe’s length e ff:

i
_ |2&0€gkpTK 0 (—zie{eff) (2.77)
Serr = \/ N, ZC" eXp[ kT 1]

From the particle coordinates obtained by the Monte Carlo simulation, the Nearest Neighbor
Distribution (NND) gyycan be calculated as:

;& (2.78)
g, 87) =% ) 44(r, 87)
i=1

where N is the total number of particles and A; is equal to 1 if the distance between the i—th particle
and its nearest neighbor lies between 7 and r+6r or 0 otherwise, namely:

1, r S |)_C)l - )_C)NN| <r-+ 6T (279)

0, otherwise

li(r, 67") = {

The average value (dyy) of the center-to-center distribution was determined as the center of the

fitting Gaussian of the near neighbor distribution gy :

G —x0)” (2.80)
2

Dyt (x) = exp(— o ) for x = x,

The distributions for the three particle diameters employed in this work are reported in Figure 17
together with their fitting Gaussians. It can be observed that, using the 10 nm seed, a nearest
neighbor average distance of 53 nm can be obtained, which is very close to the optimal value of
60 nm identified with the optical response simulation. At the same time, we can conclude that
using higher diameter seeds leads to a much higher average distance, i.e., 86 nm for the 20 nm
seeds and 148 nm for the 40 nm seeds.

This huge difference may be due to the larger particles and the associated lower concentration
typically found in stock NP. Higher particle densities could be obtained by increasing the
deposition time although the deposition times can reach hundreds of hours. Using higher

50



concentration solution of NP is not advisable as the stability of the colloid may be lowered and

particle aggregation may occur during the deposition stage.
As a conclusion of the theoretical and experimental results obtained so far, the 10 nm gold seed

was selected for the sensor fabrication, as discussed in the next section.
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Figure 17: Nearest neighbor distribution of gold nanoseed of different diameters deposited on the
functionalized glass: a)10 nm, b) 20 nm and c¢) 40 nm. The red line represents the least square fitting

gaussian.
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2.5 SEED-MEDIATED GROWTH AND OPTICAL RESPONSE

MEASUREMENT

The APTMS functionalized substrates were placed in a polytetrafluoroethylene (PTFE) holder and
immersed in a colloidal suspension of the 10 nm gold nanoparticles overnight. After such a long
deposition time, we can conclude that the surface is saturated and no other particles can be
accommodated.

Subsequently, those seed nanoparticles were grown by reduction of tetrachloroauric acid in the
presence of hydrogen peroxide. In particular, the substrates were immersed in a 0.28 mM HAuCly
solution, and 525 mL of 30% H>O> were added under magnetic stirring at 300 rpm. After a certain
growth time, the substrate was removed twice in ultrapure water and once in ethanol. SEM images
of particles obtained at different growth times are reported in Figure 19: SEM images of the
particles growth for different times: 3 min (a), 5 min (b), 7 min (c), 8 min (d), 9 min (e) and 11
min ().

Observing both Figure 19 and the plot of particle size and coverage factor of

Figure 20, one can note that the coverage factor increases with the growth time. However, for
growth time below 8 minutes, this increase in the coverage factor does not go together with an
increase in particle radius, indicating that, in this phase, some new particles are formed in addition
to the growth of the originally deposited seeds. After 8 min, the particle radius, however, undergoes
a strong increase.

500 nm
I

Figure 19: SEM images of the particles growth for different times: 3 min (a), 5 min (b), 7 min (c), 8 min
(d), 9 min (e) and 11 min (f).

As a consequence of the particle growth, the substrate's optical response is also modified. In
particular, as show in Figure 20 a), the absorbance is increased from around 0.05 at 3 minutes to

53



roughly 0.3 at 11 minutes. Moreover, the shape of absorbance spectra is changed: the plasmonic
peak undergoes both a redshift of its maximum and broadening as the growth time increases.
This peak broadening, which is due to the formation of nanoparticles dimers that show optical
response similar to the one of a nanorod, is, in particular, very beneficial for the preparation of a
sensor able to work with an excitation wavelength located in the NIR (e.g. 785 nm).
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Figure 20: Evolution of the absorbance spectra (a) and of particle size (b) as a function of the growth time.

2.6 PARTICLE DEPOSITION AND CHARACTERIZATION

After particle growth, the substrates were imaged at both SEM and AFM to study their spatial
distribution. Samples were mounted on SEM stubs using a conductive silver paste, coated with 3
nm of a Pt layer, and imaged in a Field Emission Scanning Electron Microscope (FESEM) FEI
Inspect F at an acceleration voltage ranging from 5 kV to 20 kV.

The topological analysis of the substrates was realized by atomic force microscopy (AFM) with
the Dimension D3100 AFM, performing a characterization in contact mode and obtaining both
topography and lateral force signals.

A custom Python code was created to process the AFM images automatically. Images were
preprocessed by background removal with a median filter, segmented determining the threshold
value with the Li’s method[54], [55]. The findCountours and getMoments functions provided by
the Python-OpenCV library calculated the boundaries and centers of mass.

For each substrate the particle density ¢ was calculated as the number of adsorbed particles for
unit area of substrate.
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Figure 21: AFM imaged of gold nanoparticles after growh (a and c) and their respective nearest neighbor
distribution (b and d). The red line represent the fitting of distribution.

2.7 SURFACE-ENHANCED RAMAN SPECTROSCOPY MEASUREMENTS

The analysis of the substrate homogeneity evaluated by coating the surface with a 4-
mercaptobenzoic acid (MBA) self-assembled monolayer (SAM) is summarized in Figure 22 for
both APTMS and DETA susbtrates. MBA was chosen as a model molecule in this case due to its
high Raman cross-section and its capability of strongly bonding to gold nanoparticles. The Raman
spectrum was recorded at different surface points, and a signal map was obtained at each point
using the measurements made in a nine-point matrix. The MBA spectrum is characterized by two
main peaks at 1076 cm™' and 1588 cm ™! respectively. The first peak is associated with in-plane
aromatic ring breathing and asymmetric stretching v(C — S), whereas the second is due to the
symmetric stretching v(C —C).[56] A deviation in SERS signal expressed in percentage with
respect to the average of the measured area can be defined as:

(2.81)
S(x,y)

Saev(%,y) = (m

—1>>< 100
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where S(x,p) is the peak SERS signal at 1076 cm™! at point (x,)), (S(x,y))area is the average of the
signal S over the entire area, and Sqey is the percentage deviation from that average value. Figure

4 shows the Raman map made over an area of 150x150 pm? and constructed using the signal of
the MBA peak at 1076 cm ™! or 1588 cm ™.
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Figure 22: Maps and histograms of the SERS peak signal at 1076 cm™' for samples functionalized with

APTMS. We report measurements taken with 50x (a and c¢) and 20x (b and d) objectives. The distributions
histograms (c) and (d) are fitted with Gaussians function (red-solid curves).

Moreover, we have compared the results with the Klarite [57] substrate from Renishaw (Table 2).
Klarite is commercial a SERS substrates consisting of inversed piramyds, fabricated into a silicon
substrate by means of chemical anistropic etching, coated with a gold thin film.

Klarite substrates were less uniform in terms of SERS Signal Intensity if compared to the substrates
produced in the frame of this work. The different silanization also affected the substrate
uniformity. When using a 20x objective, the APTMS substrate shows a lower standard deviation
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on the SERS intensity, and we observe the opposite when using the 50X objective. The signal
response has great homogeneity for both APTMS and DETA compared to Klarite and indirectly
confirms the SERS hotspots' uniform distribution.

The same samples used for the homogeneity study have been cleaned by 30 min UV-Os3 treatment,
and the SERS measurements, made afterward, demonstrate that the MBA has been completely
removed. A new cycle of measures with MBA SAM has given the same results as before,
demonstrating that the substrate is very stable and can be reused for more measurements by a
simple cleaning procedure.

Substrate 6 (%) 30 (%)
APTMS 1.3 3.9
20x DETA 2.2 6.5
Klarite 3.1 93
APTMS 3.06 9.17
50x DETA 1.95 5.85
Klarite ND ND

Table 2: Comparison of relative deviation with respect to the average of the signal at 1077 cm™' for the
maps reported here and Klarite (ND: Not Detected).

After optimizing the growth time and deposition processes assessed as described above, SERS
signals of 3-methylindole (skatole) solutions in the concentration range between (1 nM - 10 uM)
were measured to evaluate the analytical performances. Previously cleaned by UV-O; treatment,
substrates were immersed for one hour in solutions containing 3-methylindole at increasing
concentrations. The Raman signal was measured from different points of the substrate at each
concentration. Especially at the lowest concentrations, there are very few molecules of the analyte
on the substrate. A significant number of measurements were needed to make a statistic and
demonstrate the high sensitivity that the substrate allows.
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Figure 24: (a) Raman spectra for skatole at different concentrations obtained on the APTMS substrate. (b)
Calibration lines for skatole detection on APTMS and DETA substrates.

Figure 24 resumes the analytical performances of the substrate. For both substrates (APTMS and
DETA), the relation between skatole concentration and Raman signal is linear against a
logarithmic axis for the concentration. The equation describing the substrate fabricated using
APTMS is (y =0.136 x + 0.800), with R*> = 0.989. Similarly, the linear fitting equation for the
DETA based substrate is (y =0.033 x + 3.091), with R = 0.969. The analyzed concentration range
includes the accepted threshold levels for skatole, within the range of 0.5—1 pg/ml (1.8-3.6 uM),
indicating that the proposed system can detect 3-methylindole at concentrations well below the
ones at which the human being is sensitive. These results have been compared with skatole signal
with Klarite, where at a skatole concentration of 100 uM the Raman signal is as low as 0.94
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counts/(W s) for the most intense peak (Figure 22 a-b). The estimated limit of detection (LOD)
and limit of quantification (LOQ) for the sensors prepared with the different silanes are reported
in Table 3 and shows for both APTMS and DETA a LOD in the part-per-trilion range, achieving
42 2ppt for APTMS, orders of magnitude better than what is required by practical applications. In
Figure 24 b), we compare SERS signals obtained for 10 uM skatole solution deposited on APTMS
2.5%, and DETA 4%.

Substrate LOD (nM) LOD (ppt) LOQ (nM) LOQ (ppt)
APTMS 0.32 42.2 0.98 129.1
DETA 2.22 292.4 6.67 878.7

Table 3: Detection limit and quantification for DETA and APTMS SERS substrates.
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Chapter 3

SERS SUBSTRATE BY VAPOUR-
PHASE CHEMICAL DEWETTING OF
THIN FILM

The previous chapter focused on the wet-chemistry fabrication of gold nanoparticles, as they are
chemically stable and UV-O; cleaning treatments are possible without affecting the SERS
performances.

Cleaning treatments[58] are usually performed to remove the capping agents or other molecules
adsorbed on the particle surface that may interfere with the SERS measurements

Unfortunately, this process its not possible when dealing with silver nanostructures that are known
to be sensitive to oxidation and tarnishing phenomena[59]. Even though some combinated O>-Ar
plasma treatment for the cleaning of Ag-based SERS substrates have been developed[60], they
have a significant impact on the particle optical response properties.

For this reason, this chapter describes a novel chemical method for the fabrication of Ag
nanoparticle arrays via an innovative procedure, that does not require the use of cleaning
treatments after the synthesis.

It 1s already well known that the dewetting of thin films (TFs) and ultra-thin films (UTFs) can
prepare nanoparticle arrays[61], [62]. Currently, the most common methods to induce dewetting
are based on rapid thermal treatments or laser processing, and for some polymers, the exposure to
organic solvent vapor. This chapter aims to develop and discuss an alternative method for
dewetting metal UTFs and TFs based on exposure to inorganic acid vapor. In particular, the
research activity described in this chapter focuses on silver due to its limited reactivity with many
acids, such as hydrochloric and nitric acids. Surprisingly, the exposure to hot water (70°C) vapor
was also successfully tested for the preparation of silver nanoparticles by dewetting. At the end of
the chapter, the non-reactive case of silver is compared with copper, which shows reactivity with
the abovementioned chemicals, leading to particle formation with different morphologies.

3.1 DEWETTING OF METALS THIN FILM

Synthesis of metal nanoparticles is possible by different techniques, including chemical
synthesis[63], laser ablation[64], and dewetting[65], [66] of thin or ultra-thin films. In particular,
dewetting consists of the destabilization of the thin film, followed by its rupture to form
nanoparticles or aggregated nanoislands[67].
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Thin film dewetting can, in principle, occur following two different mechanisms[68], [69]:
spinodal decomposition (SD) or hole nucleation-growth (HNG). Dewetting by SD mechanism was

described for the first time in 1965 by Cahn[70] for systems characterized by a negative value of

9%G
> an?
onto a substrate, there will be, in general, a competition between the film-substrate adhesion forces
and surface tension of the metallic layer. When some spontaneous fluctuations of the film thickness

the second derivative of the Gibbs free energy, i.e. < 0. If we consider a thin film deposited

h are induced, they may grow exponentially with time. If the amplitude of such oscillations equals
the initial thickness hy, the film breaks up, losing its continuity.

On the other hand, dewetting by nucleation and growth of holes consists of an initial nucleation
event that leads to the formation of a hole followed by a growth process comprised of transporting
material away from the nucleation site to a retreating rim surrounding the hole.

As adjacent holes continue to grow, at a certain point, they merge and form ribbons of materials
along their contact line.

Dewetting by HNG mechanisms for silver thin films was extensively described by Jacquet et
al.[71], who proposed a new mechanism based on three steps (induction, hole propagation, and
sintering) that are all governed by grain growth.

Dewetting is often a competition between spinodal decomposition and the hole nucleation-growth
2

mechanisms[67]. The conditions ZT(: < 0 is satisfied for thin film thickness above 5-6 nm,

whereas for lower thickness the second derivative values rapidly increases, favoring the

heterogenous nucleation and suppressing the spinodal decomposition[72]. The two mechanisms

can be differentiated by looking at the influence of the film thickness on the dewetting pattern[68],

[73]. In particular, according to the spinodal decomposition model, it is possible to define a

characteristic length A, which shows a correlation the film thickness hy.

1673 3.82
A= i h? « h? (3-82)
A
From the characteristic length, it is possible to calculate the interparticle distance L as:
16m3
L=ah=a |[=5h? o« 2 (3.83)

Moreover, also the particle diameter D and the particle density N have a dependence on hy[73],

3(24m3a?y 5 5
D= ’—’ﬁ « h3 (3.84)
Af(6)

namely:
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A -4 -4
N =g h™ e h (3.85)

Where A is the Hamaker’s constant, y is the surface tension, and f(8) is a geometric factor related
to the fraction of the NPs sphere above the substrate.

On the contrary, it was demonstrated by Jacobs et al.[74] that in dewetting by HNG, there is no
spatial correlation with the film thickness, and particles are randomly distributed[75].

So far, rapid thermal annealing[76]—[78] or process with fast[79], [80] or ultra-fast laser[81] are
the preferred way to perturbate the stability of the thin film and obtain its dewetting. Unfortunately,
these processes require dedicated equipment, and for the use with non-noble metals, they usually
require a protective atmosphere to prevent the oxidation of the nanoparticles. Also, these methods
are unsuitable for dewetting particles on substrates that are heat-sensitive, e.g., polymeric
substrates.

For example, Kumar et al.[82] described the effect of the process atmosphere in the thermal
dewetting of a copper thin film, observing a lower dewetting rate in the air due to the competition
between the film oxidation and decomposition. Moreover, using ovens and lasers implicates high
energy costs and is likely to become relevant in industrial contexts, requiring specialized
equipment. In addition, the dewetting processes based on laser processing and thermal treatment
are unsuitable for polymeric substrates due to their low thermal stability.

Bhandaru et al.[83] developed a novel technique for dewetting polymer thin film, which they
named solvent-vapor-assisted dewetting. This process involves exposing a thin polymeric film to
a closed atmosphere saturated with a suitable solvent for the polymer. Also, the dewetting induced
by poor solvent[84] or non-solvent (water vapor) [85] has been studied extensively.

The main difference between thermal and solvent dewetting is that the cause of instability is the
long-range force of van der Waals interactions in the former. At the same time, it is the short-range
force of polar interaction in the latter[86].

However, none of the previous works have considered using similar strategies for preparing metal
NPs by dewetting thin films.

3.2 NANOPARTICLES SYNTHESIS

A silicon (100) p-doped wafer was cut into 10 by 10 mm substrates and subsequently sonicated in
acetone, ethanol, and water for 1 minute. The substrates were cleaned in a basic piranha solution
for 20 minutes, washed three times in ultrapure water, and dried under a chemical hood in a clean
environment. Finally, silver thin films of different thicknesses, ranging from 4 nm to 14 nm, were
deposited onto the silicon through a RF sputtering (Moorfield UK), keeping the pressure and the
RF power fixed at 3 Pa and 75W, respectively, and changing only the deposition time.
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The thin film, as deposited, was imaged with both SEM (Figure 25a) and AFM (Figure 25¢), and
despite containing holes and defects, it does not show any signal of spontaneous dewetting. This
was also confirmed by imaging the sample after 24 hrs (Figure 25b) and observing no appreciable
evolution of the film. Additionally, by means of UV-visible measurements, as reported in Figure
28, we can confirm that no spontaneous thin film dewetting occurs as the Ag TF's extinction spectra
on silicon substrate do not show any LSPR peaks in the range from 250 to 800 nm.

On the contrary, after the chemical vapor dewetting of the film, a strong adsorption band due to
LSPR is observed at around 374 nm, which matches with the result of the optical response for a
silver nanoparticle of 80 nm diameter on a silicon substrate, obtained by BEM simulation and
reported in Figure 26.

From the same simulations, it is evident that such a peak is absent for the case of AgCl
nanoparticles. This can be considered as a first evidence of the the synthesis of silver nanoparticles.
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Figure 25: 6nm silver thin film as deposited on a Si wafer observed in the FESEM as deposited (a) and
after 24 hours of exposure to air b). The film as deposited measured at the AFM c).

Subsequently, vapor-phase chemical dewetting was induced by exposing the substrates to nitric
acid, hydrochloric acid vapors, or hot water vapors for a specific time, using the custom setup
shown in Figure 27. After the exposure, the substrates were left drying under a chemical hood in a
clean environment for 10 minutes and sealed in a vacuum bag to prevent silver oxidation or
tarnishing.
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Figure 26: Simulated scattering cross-section of a silicon slab (Si), of a 80 nm AgCl nanoparticle on a
silicon slab (Si+AgCI NP) and of a 80 nm Ag nanoparticle on a silicon slab (Si+Ag NP). Simulations were
performed using the SCUFF-EM code[87].

Figure 27: Tridimensional model (a) and photograph (b) of the setup adopted to expose the silicon-coated
sample to the acid or hot water vapor.
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Figure 28: UV-visible spectra for a silicon substrate as provided (Si), coated with a 6 nm silver TF, and
after the dewetting by exposure for 20 s to 6 M HCI vapor measured with an 8° incidence reflectance
configuration (a). The same samples' absorption spectra are calculated from the reflectance spectra (b).

3.21 Effect of thin film thickness
The study of the effect of initial film thickness h, is of utmost importance to understand the
dewetting mechanisms[68], [73], [88]. It has been widely observed that contrary to dewetting by
hole nucleation and growth, spinodal decomposition exhibits spatial correlation with the film
thickness[68]. TFs of different thicknesses in the range from 4 nm to 14 nm were exposed to 6 M
HCI solution vapor for 20 seconds. The samples were named from A1 to A6 according to Table 1
and analyzed at FESEM; the obtained images are reported in Figure 29.
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Figure 29: FESEM images showing the Ag NPs in samples from Al to A6 (a-f).
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For the electron microscopy analysis we used a Zeiss Supra 40 Field Emission Scanning Electron
Microscope (FESEM) equipped with an Oxford EDS analyzer and a morphological and
compositional characterization of the samples was carried out. Due to their excellent electrical
conductivity, silicon samples were imaged without specific preparation.

To complete the morphology characterization of the NPs, Atomic Force Microscope (AFM)
images were obtained with a Nanonics Multiview 2000 AFM, operated in phase feedback mode
with a standard 20nm quartz tip. The scanning lateral resolution was set to 3.75nm, and the
scanning step time to 22 ms. The average particle height was calculated by processing the AFM
measurement as the average of the heights of each local maxima. AFM measurements for the
different thicknesses are reported in Figure 30 and Table 1 summarizes the results of the particle
morphology characterization.

Figure 30: Dewetting samples from A1l to A6 observed at the Atomic Force Microscope (AFM).

The radial-integrated power spectrum density (RPSD) was computed from the FESEM images to
study the morphology of the obtained particles, and the results are reported in Figure 31. The
radial-integrated spectrum density is simply obtained by integrating the power spectrum density
over the 2m angle.

2n
RPSD(k) = f PSD(kcos¢,ksing) k do (3.86)
0
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Film Mean

Sample thickness [111)136 ;iigz] Radius Std[lll{;(]iius C lcl)\t/f;ftlion Mee;l:lrl;liight
name [nm] [nm]
Al 4 37 38 16 1.33 20
A2 5 93 27 12 1.29 29
A3 6 131 25 10 1.43 36
A4 8 86 31 11 1.49 37
AS 10 30 52 26 1.54 35
A6 14 12 73 37 2.36 40

Table 1: Morphological characterization of the NPs obtained by dewetting Ag thin films of different
thicknesses by exposure for 20 seconds to 6 M HCI vapor.

Where the PSD is the power spectrum density defined as:

%) 2

f I(x,y)e*7dx dy
0

PSD(k) = (3.87)

After fitting the RPSD with a gaussian function, the dewetting characteristic length A was finally
determined as the :

2T

A (3.88)

kCENTER

Where k-pnrEer 18 the frequency corresponding to the center of the fitting gaussian function.

Image segmentation and subsequent detection of each particle boundary using the findCountours
function included in the Python OpenCV[89] library allowed the estimation of average diameter
and particle density.

From Figure 32 (a) and (b), one can observe that, over the entire studied thickness range, i.e., 4
nm to 14 nm, no univocal correlation between the film initial thickness and particle diameter can
be observed, and two regimes are distinguished. For thicknesses lower than 6 nm, the density of
the particle increases with hy whereas the particle diameter D decreases. Above 6nm thickness,
such trend is the reversed.

However, if the considered thickness range is narrowed down to 6 to 14 nm, a linear correlation of

5
Apewto h? (R? = 0.97),Dto h3 (R? = 0.98) and p to h=* (R? = 0.95) is observed, as shown in
Figure 33. This confirms that, for h > 6 nm the dewetting mainly occurs by a spinodal
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decomposition mechanism. In general, it is known that the dewetting process sees a competition
between the hole’s nucleation and spinodal mechanisms. In our case, the hole nucleation and
growth mechanism appear to be predominant for lower thickness, where the film defect density is
higher[7], [29]. In contrast, for higher thickness, the spinodal decomposition prevails.
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Figure 31: Radial integrated power spectral density (RPSD) for different Ag thin-film thickness: (a) 4 nm,

(b) 5 nm, (c¢) 6 nm, (d) 8 nm, (¢) 10 nm, and (f) 14 nm.
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Figure 33: Correlation between the particle diameter D and h3 (a) and between particle density p and
hy*(b).

3.2.2 Effect of dewetting agent

Another aspect of the chemical vapor dewetting studied in this work was the effect of the different
dewetting agents on the morphology and chemical composition of the obtained nanoparticles. To
this aim, we devised a set of experiments that used as the dewetting agent HCI at different
concentrations, HNO3 and H>O as reported in Table 2. In particular, the exposure to the vapor of
HCI at concentrations of 3 M, 6 M, and 12 M, HNO; (14 M), and water vapor was tested. The
water was heated to 70°C and removed from the heating plate immediately before the substrate
treatment to obtain significant amount of water vapor in the reaction chamber previously
described.
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All the test agents that induced the TF dewetting and the corresponding SEM images are reported
in Figure 34 and Figure 35. As far as hot water vapor is concerned, the exposure time was reduced
to 5 s, as the exposure for longer times leaded to the formation of particles with a diameter in the
order of some pm, as shown in Figure 35.

The composition of the nanoparticles was studied employing Energy Dispersion Spectroscopy
(EDS), X-ray Photoelectron Spectroscopy (XPS), and X-ray Diffraction (XRD). A first rough
estimation of the particle composition was obtained by Energy Dispersion Spectroscopy (EDS)
analysis, performed with a 60 um aperture at an acceleration tension of 7 kV to limit the penetration
depth of the electron beam as much as possible. In fact, Castaign’s formula (3.89)[90], allows us
to calculate an analytical volume of 151 nm for this working condition, which is comparable to
the nanoparticle characteristic length.

A
_ 17 _ g1y 2
Zym = 0.033(E; E¢ )pZ 151 nm (3.89)

Where E, =7 kV is the electron beam acceleration voltage, E. = 2.984 kV is the lower
characteristic X-ray emission energy, A = 107.97 u is the atomic mass of silver, Z = 47 is the
atomic number of silver, and is p4, = 10.49 kg cm™3 the density of silver.
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Figure 34: FESEM images showing the Ag NPs in samples B1(a), B2(b), B3(c), B4(d), and B5(e).
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Figure 35: Dewetting of a 6 nm silver thin film obtained by exposure to 70°C water vapor for 5 s (a), 10 s
(b), and 30 s (¢).

Sample Dewetting Exposure Density =~ Mean R Std R Mean
Name Agent Time [s] [NPs/um?]  [nm] [nm] Elongation
B1 HCI3 M 20 68 33 15 1.54
B2 HClI 6 M 20 131 25 10 1.43
B3 HCl 12 M 20 16 58 25 2.05
B4 HNOs 65% 20 11 67 29 2.22
B5 H,O 70°C 5 76 31 14 1.40

Table 2: Effect of the dewetting agent on particle density and morphological parameters of Ag NPs.

Grazing angle incidence X-ray diffraction measurements were performed in a Panalytical X Pert
Pro diffractometer with a Cu Ka source operated at 40 kV and 30 mA. The incidence angle was
fixed to 1°, the scan step to 0.013°, and the scan speed to 600 s/°.

The X-ray diffraction pattern of both samples shows five diffraction peaks located at 38.1°, 44.2°,
64.4°, 77.4° and 81.7° which correspond, respectively, to the (111), (200), (220), (311) and (331)
planes in silver. Although a diffraction peak at 55.8° is observed due to the presence of the silicon
substrate, no peaks indicating the presence of AgCl, AgO, or AgNO3 phases are visible.

XRD and EDS analyses are reported in Figure 34, from which we see that only the presence of Si
and Ag was revealed from EDS spectra, excluding the formation of silver salt nanoparticles.
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Figure 36: X-ray diffraction measurements on different samples a). Chemical composition of the
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nanoparticles studied through Energy Dispersion Spectroscopy on samples B2 b), B4 c¢) and BS d).

Nonetheless, due to their low sensitivity and high analytical depth, both XRD and EDS analyses
cannot completely exclude the presence of a reacted surface layer on the top of the NPs.

For this reason, XPS analysis, able to probe the outermost layer (< 10 nm) with a sensitivity as
low as 0.01 % atoms, was employed, and the obtained spectra are reported in Figure 37 and Figure
38. Samples for XPS measurement were prepared and kept in a vacuum chamber at 10~ mbar
overnight and removed from the vacuum only some minutes before the analysis. X-ray
photoelectron spectroscopy (XPS) was performed using a PHI Versaprobe 5000 instrument with a
monochromated Al K-alpha source (1486.6 €V) and a double charge compensation source (Ar*
and electron beams). The Cls peak (284.5 eV) has been set as a reference for charge compensation
shift.

Whereas EDS did not reveal any element other than Si and Ag in any samples, XPS revealed the
presence of a small concentration of reacted metal. In fact, for the HC1 6 M and HCI 12 M samples,
there is a concentration of Cl of 2.6 %eat. and 2.7 %eat., respectively, and this can be interpreted as
the presence of a very thin surface layer of AgCl on the nanoparticles. The samples treated with
HNOs3 14 M did not show any traces of N or O, indicating the absence of a significative reacted
layer.

For the sample in H,O, however, results are inconclusive and do not allow any considerations on
the outer reacted layer on the NPs. However, two broad bands located at 371.5 eV and 377.7 eV
are visible in the analyzed samples, and plasmon loss bands are revealed in the high-resolution
XPS spectra (see Figure 38). These bands, related to electron energy losses due to plasmonic modes
in the metals, are only present in metallic silver and not in its salt.
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B2 B3 B4 B5
XPS EDS XPS EDS XPS EDS XPS EDS
[Y%oat. ] [Yoat. ] [Yoat. ] [Yoat. ] [%oat. ] [Yoat. ] [%oat. ] [Yoat. ]
Ag 23.6 3.2 21.8 2.9 25.1 2.8 25.9 2.6
C 15.3 3.2 22.5 6.7 16.2 3.6 23.3 4.1
Cl 2.6 - 2.7 - 0.3 - 0.2 -
o 24.6 0.2 23.1 0.8 27.7 0.4 20.8 0.6
S 5.1 - 4.4 - 4.4 - 3.7 -
Si 28.8 934 25.6 89.6 26.4 93.2 26.1 92.7

Table 3: Compositional analysis through Energy Dispersion Spectrscopy (EDS) and X-Ray Photoelectron
spectroscopy (XPS) of the samples B2-B5.
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Figure 37: X-Ray photoelectron spectroscopy (XPS) survey in the bonding energy range from 0 to 1200
eV performed on Sample B2 (a), B3(b) , B4 (c) and B5(d).
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Figure 38: High-resolution XPS analysis focused on silver Ag3ds» and Ag3ds/, peaks performed on Sample
C2 (a), C3(b), C4 (c) and C5(d).

3.23 Reactive dewetting on Copper
A 6 nm thin film of copper was deposited on the silicon wafer and exposed for 20 seconds to
dewetting agent. In Figure 39, we report the dewetting structures obtained by exposing the copper
film to HCI 6 M (a), HCI1 12 M (b), and HNO3 14 M (c). Samples were named C1, C2, and C3,
respectively.
Contrary to what we obtained for the silver film, copper forms nanostructures with different
morphology for each tested dewetting agent. This phenomenon indicates a chemical reaction that
drives the formation of copper salts that crystallize along a preferential direction.
The composition of these nanostructures was studied utilizing EDX analysis, which indicated that
a chemical reaction occurred in all three cases.
This phenomenon, we named vapor phase reactive chemical dewetting, is a process that consists
of both film dewetting and chemical reactions. In sight of the limited state of the art and due to the
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complexity of the involved mechanisms, further considerations are not included in the present
thesis. A confirmation of the presence of products of reaction is given by the EDS analysis reported
in Figure 40.

Figure 39: FESEM images showing
agents: C1 (a), C2 (b) and C3 (c). The same samples were observed at FESEM at higher magnification (d-

f).
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Figure 40: EDS analysis of the samples C1 (a), C2 (b) and C3 (c).
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3.3 SERS MEASUREMENT

After fabricating the Silver nanoparticles by chemical vapor dewetting, we tested their
performance as SERS substrates. To obtain the substrates meant for SERS, silver thin films of 6,
10, and 14 nm thickness were deposited onto quartz substrates and exposed for 20 s to the vapor
of an HCI 6 M solution. The axial transmission spectra of the samples in the wavelength range
from 300 nm to 900 nm were measured with a Shimadzu UV-26001 UV-visible spectrophotometer.
Assuming the reflection to be negligible if compared to adsorption, the Absorbance was calculated
as follows:

Abs = 2 — logy4(%T) (4.90)

The 6 nm sample presents the typical extinction spectra of silver spherical nanoparticles, with a
LSPR peak located at 420 nm[91]. As the initial thin-film thickness increases, agglomerates of
nanoparticles are produced, and a redshift and broadening of the LSPR are observed. Moreover,
the maximum extinction undergoes a slight decrease as a result of the lower particle density[91],
[92]. This broadening[93] of the LSPR is of utmost importance as the substrate exhibits electrical
field enhancement over a larger range of the visible region. Therefore, they are suitable for SERS
measurements under different laser excitation wavelengths.

We employed a Renishaw InVia Raman microscope with a laser excitation wavelength of 532nm
for the SERS measurement. Power and exposure time were tuned from 30 uW to 300 uW and 3s
to 30 s, respectively, to obtain an appropriate signal-to-noise ratio for all the studied analyte
concentrations and avoid the detector saturation for the most concentrated samples. The number
of accumulations was kept fixed at 5 for all the measurements. All the spectra we converted into a
normalized intensity I, spectra according to Figure 41(b). Where P is the laser excitation
power, NA is the numerical aperture of the use objective, t,y,, is the exposure time and ng is the
total number of accumulations for each spectrum.

Therefore, considering that the Raman excitation wavelength is 532 nm, the 14nm film was chosen
to prepare the SERS substrate as it shows the highest extinction cross section at this wavelength.
For the SERS measurement, we tested different concentrations Rhodamine 6G in the range from
10 to 101 M, and 30 uL drop of water solutions was deposited onto different sensors, which
were dried under an Argon flow to prevent the oxidation and contamination of the NPs.

The Raman band located at a Raman shift of 611 cm™ (C-C-C in-plane bending) was selected for
the quantification of the analyte. A calibration curve, reported in Figure 41(b), was obtained
plotting the normalized intensity I, as a function of the sample concentration. The Limit of
quantification (LOQ) and the Limit of detection (LOD) were calculated, according to the
International Conference on Harmonization of technical requirements for registration of
Pharmaceuticals for Human (ICH) method[94] as illustrated in Chapter 2. We obtained LOD and
LOQ equal to 1.9 - 10711 M (9.1 ppt) and 3.5 - 10711 M (18 ppt), respectively.
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Figure 41: Extintion spectra for SERS substrate obtained by dewetting of different thickness Ag TF (a) and
calibration curve for SERS measurement on Rhodamine 6G (b).

3.4 NANOSTRUCTURED COLORING

The use of CF4 for silicon dry etching in a Reactive Ion Etching (RIE) system is nowadays
widespread, and its fundamental mechanism has been widely discussed [95], [96]. For this reason,
after the formation of NPs, the substrates were etched in a CF4 atmosphere using a SAMCO RIE-
10NR for 2, 4, and 8 minutes. The etching pressure was fixed at 11 Pa, the gas flow to 30 sccm,
and the generator power to 200W. Before processing the samples, the chamber was conditioned
with a 5-minute treatment in Oz plasma at 100W and 50 Pa to remove any carbon contaminants
that may interfere with the chemistry of the CF4 plasma.

After the RIE process, samples were cleaned for 12 minutes in 12 mL of acid piranha solution to
remove the silver nanoparticles and any residue deriving from the CF4 polymerization. Substrates
were washed twice in ultrapure water and ethanol and dried under a chemical hood in a clean
environment. Such a volume of acid piranha solution was prepared by slowly adding 3 mL of H2O»
33% wt. to 9 mL of H2SO4 98% wt.

The pillar height obtained for the three values of etching times is 110 nm, 221 nm, and 316 nm,
respectively, as shown in Figure 42, resulting in an average etching rate of 27.2 nm min'. The
etched substrates were coated with a 35 nm layer of silver utilizing a Moorfield RF Sputtering at
a pressure of 5 Pa and power of 75W. The pillar structure was therefore coated by the deposition
of a 40 nm layer of silver through RF sputtering at a pressure of 5 Pa to ensure good conformity
of the deposited layer.

77



Figure 42: Cross section of the silicon pillar observed at the FESEM for different etching times: 4 min (a),
8 min (b) and 12 min (c).

The obtained structures show an intense coloring as illustrated in

Figure 43. From Figure 44, it can be observed that the position of the maximum reflectance
undergoes a redshift as the pillar length is increased; moreover, a broadening of the peaks also
occurrs. We can thefore conclude that the position of the reflectance peak is a function of the pillar
height and is tunable to obtain the desired color.

Figure 43: Nanostructured coloring obtained by coating with 40 nm layer of silver the pillar obtained by
etching the silicon with particle mask for different etching times.
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Figure 44: Reflectance measured as a specular reflection at 8° of the nanostructured color samples (a).
Color representation in CIE color space(b-d) and RGB reconstruction obtained from reflection spectra (e-
g) using the spectrum2XYZ [97] Matlab library.
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Chapter 4

SERS SENSORS BY THIN-FILM
DEPOSITION ON NANOSTRUCTURED
SUBSTRATES

While the previous chapter describes an innovative method for dewetting thin film by exposure to
chemical vapor, this chapter introduces another approach based on the thin-film dewetting of a
copper ultra-thin film (UTF). In this case, the dewetting is achieved by treatment with a pulsed
laser in the nanosecond regime. The process was realized in the absence of a protective
atmosphere; thus, the particles undergo oxidation and do not have LSPR response, but they were
used as a low-cost etching shadow mask to create nanopillar-based functional surfaces on soda-
lime glass for different applications, e.g., superhydrophobic surface and SERS nanostructured
substrate.

A particular emphasis is given to SERS measurement for the detection of nanoplastics, where the
obtained limit of detection is roughly three orders of magnitude higher than the record value
reported in the literature, paving the way for more widespread use and a better characterization of
this kind of contaminant.

4.1 LASER-INDUCED DEWETTING

Laser induced dewetting (LID) of metal-thin and ultra-thin film has already been used to prepare
isolated nanoparticles or arrays of them. When a metal thin film is quickly heated to its melting
point within the duration of a laser pulse, it breaks and can self-assemble to form nanostructures.
Indeed, recently, thin and ultra-thin film dewetting has been obtained through processing with
fast[98] or ultra-fast laser[99]. The main advantage of using a laser to induce a thin film dewetting
is the possibility of finely tuning the particle size by changing the beam fluence and selectively
processing the substrates easily defining patterns and areas where the nanoparticles are generated.
Horwood et al.[100] studied the dewetting of a 4 nm Au thin-film on tantalum pentoxide substrate
with a nanosecond-pulsed laser operated at a wavelength of 500 nm and a pulse width of 9 ns.
Using different fluences, they observed that the minimum fluence required to obtain the thin film
dewetting was 250 mJ cm ™ at a 5 s irradiation time, suggesting the existence of a threshold
required to destabilize the thin film. In fact, for lower fluence, they reported no dewetting or only
partial dewetting, even for much longer irradiation time.

Experimental evidence confirms that laser-induced dewetting is mainly based on spinodal
decomposition. In fact, it was demonstrated by Owusu et al. [101], for dewetting of an Au thin
film on a Ta substrate, that characteristic length L has quadratic dependence on thin film thickness
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h (L = 5.13h?%%), whereas the particle density N depends on the fourth power of h™1 (N = 2.93 -
1012h~*93)_ All these experimental results are in total agreement with the spinodal decomposition
theory formulated by Cahn.

Also, the morphology of the substrate has an evident influence on the dewetting dynamics of the
thin film. It was observed by Torrisi et al.[102] that a critical initial thickness exists below which
the surface roughness does not affect the average size and distance between particles. Above this
value, they observed that increasing the roughness leads to a bimodal size distribution of the
obtained particles. In this work, authors irradiated Pt and Au thin films of different thicknesses
deposited on an fluorine-doped tin oxide (FTO) glass substrate with a 532 nm Nd:YAG
(neodymium-doped yttrium aluminum garnet) nanosecond laser. They studied the effect of surface
roughness on the nanoparticle size distribution. The critical thickness value d,. was estimated to
be3nmm <d.<7.5nm forPtand 7.5nm < d, < 12.2 nm for Au.

4.2 NANOPARTICLES SYNTHESIS BY LASER-INDUCED DEWETTING

In our experiment, a soda-lime glass microscope slide with a roughness of Ra~1nm was cut into
20 mm by 20 mm substrates and sonicated in acetone, ethanol, and water for 5 minutes at each
step. Next, the substrates were cleaned in a basic piranha solution for 20 minutes at 70°C, washed
three times in ultrapure water, and dried under a stream of N». Finally, copper ultra-thin films of
different thicknesses, ranging from 4 nm to 7 nm, were deposited onto the substrate by PVD
(Moorfield RF Sputtering) at a pressure of 3 Pa and power of 75 W.

Laser processing of the samples was performed in air employing an industrial-grade infrared fiber
nanosecond laser (DATALOGIC AREX 20MW, Bologna, Italy). The output laser beam was
scanned at a speed of 3 mm s™! across the substrate in predefined patterns, with a galvanometric
scan system coupled to an F-Theta lens, providing a beam spot size of ~60 um. To perform the
dewetting, the laser parameters were set at a pulse repetition rate of 20 kHz at an average power
of 2.6 W, resulting in a peak fluence of 4.6 J cm™ at 400 pulses per spot. The distance between the
laser scan lines was set at 20 um to obtain uniform coverage of the patterned surface and the
desired dewetting results.

The topographic and morphological analyses of the processed samples were carried out using a
Zeiss Supra 40 Field Emission Scanning Electron Microscope (FESEM) and Nanonics Multiview
2000 Atomic Force Microscope (AFM). SEM and AFM images of the 4 nm sample treated with
different laser powers and used to identify the optimal power are shown in Figure 45.
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Figure 45: Effect of laser power on the dewetting behavior of 4 nm Cu TF.

As visible in the figure, low power (1 W) did not induce a complete thin film dewetting, leaving a
significant number of elongated nanoparticles. In contrast, the treatment at 7 W obtained the almost
complete removal of the metal film from the substrate. After those tests varying the power, we
found that the optimal condition for dewetting nanoparticles was 2.6 W. Such value was kept fixed
throughout the work.

To ascertain the mechanisms of the laser-induced dewetting and confirm the nature of the process,
a morphological analysis was conducted on the dewetted particles for different film thicknesses.
The average size increases with the thin film initial thickness in 4 nm, Snm, and 6 nm samples,
whereas for 7 nm, the particle average diameter decreases. For the 4 nm, 5Snm, and 6 nm samples,
the particle average diameter correlates with 4> (R? = 0.986), indicating that the observed
process follows a spinodal decomposition mechanism (Figure 46 g). However, on the 7 nm sample
(Figure 45 d and h), it can be observed that some particles were removed, leaving empty hollows
in the glass substrate. Such deviation from the trend can be attributed to the increased absorption
of the 7 nm thick Cu film, given the initial presence of a thicker film with respect to the other
cases.
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Figure 46: Copper nanoparticles obtained by LID of a Cu thin film of different thicknesses from 4 nm to 6
nm observed at the FESEM (a-d) and the AFM (e-h).

5
In Figure 47, the correlation between the average particle diameter and hg is shown together with
the particle size distributions obtained from the different initial thicknesses. From Figure 47 a) it
can be observed a very good linear correlation exists (R? = 0.986) for thickness up to 6 nm
confirming the dewetting follows a spinodal mechanism. However, this trend is not observed as
the initial thickness reaches 7 nm.
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Figure 47: Average particle diameter as function of the initial film thickness a). Size distribution of the
particles obtained by dewetting of different initial film thickness: 4 nm b), 5 nm c), 6 nm d) and 7 nm e).
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4.3 GLASS ETCHING

After obtaining the nanoparticles on the substrates, plasma etching was used to obtain a nanopillar
structure using the nanoparticles as masks. Pure silica substrates can be etched in a reactive ion
etching (RIE) system using a fluorine-based atmosphere such as CF4 or CHF3. However, ordinary
soda-lime glass contains a non-negligible amount of non-volatile oxides (Na2O, CaO, and A>O3),
which the sole action of the fluorine plasma cannot remove. For this reason, we choose a mixed
atmosphere containing both CF4 and Ar. The former produces high-volatility Si compounds,
whereas the latter exerts a physical etching action to remove the other oxides not removed by
chemical reactions.

However, adding Ar in the etching atmosphere can affect the duration of the shadow mask and
limit the maximum etching depth. In fact, even if Cu forms non-volatile compounds with fluorine,
it is susceptible to the action of physical sputtering of Ar ions. For this reason, the redeposition of
non-volatile oxides produces self-masking in the RIE process. This can produce smaller nanoscale
features that introduce a roughness on a much shorter scale than the nanopillar size to be obtained.
For our processes, the substrates were etched in Ar/CF4 (30/20 sccm) plasma using a SAMCO-
RIE 10NR for 2, 4, 6, 8, and 10 minutes. The chamber pressure was fixed at 11 Pa, and the RF
generator power was set to 200 W. Before starting the process, the chamber was conditioned with
a 5S-minute treatment in O plasma at 100 W and 50 Pa to remove any possible carbon contaminants
that may interfere with the chemistry of CF4 plasma. After etching, samples were cleaned for 10
minutes in a FeCl; 0.1 M solution, washed twice in water, and cleaned again in an acid piranha
solution. Substrates were washed twice in ultrapure water and ethanol and dried under a chemical
hood in a clean environment.

To explore the effect of the etching process on the nanopillar and their surface roughness, we
changed the RIE process duration i.e., 2 min, 4 min, 6 min, 8 min, and 10 min, obtaining pillars
with a height of 26 nm, 68 nm, 112 nm, 98 nm, and 79 nm respectively (see Figure 48 and Figure
50). From the SEM analysis, etching for times up to 6 minutes produced an increase in the depth
of the nanopillar formed. At the same time, it is clear that the nanopillar height decreases for longer
etching times (8 and 10 min), producing an increasing secondary roughness that originates from
the so-called grassing phenomenon in the RIE process.

The secondary or small-scale roughness generated can be estimated from SEM analysis, illustrated
in Figure 49, to be on the order of 10-15 nm. For this reason, the duration of the process with the
proposed parameters can be used to control the depth of the nanopillar and the small-scale
roughness, providing the nano-hierarchical features.

The following experiments found optimal results for 6 min etching, providing enough depth and
secondary roughness to obtain the nano-hierarchical structures for the targeted applications
(Superhydrophobic surfaces and SERS).
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Figure 48: Atomic Force Microscopy (AFM) image of the soda-lime glass etched for different times: 2 min
(a), 4 min (b), 6 min (c), 8 min (d) and 10 min (e).

6 min (c), 8 min (d) and 10 min e).
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Figure 50: Cross-section SEM images of the soda-lime glass etched for different times: 2 min (a), 4 min
(b), 6 min (c), 8 min (d) and 10 min e).
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Figure 51: Plot of the pillar height as a function of the etching time.
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4.4 SUPERHYDROPHOBIC FUNCTIONALIZATION

Nanopillar substrates can be treated with chemical coating to produce water repelling substrates.
At present, very deep nanopillars are needed to obtain such interfaces (typically higher than
200nm), and usually, they are realized on pure silica glass substrates, which are very expensive
and mostly used in niche applications. In our case, we used the nanopillar obtained by the method
exposed above with a hierarchical nanoscale roughness as a base to obtain superhydrophobic
surfaces.

We recall here that a surface is called wettable if the liquid surface tension is lower than a critical
surface tension value y.. For instance, given a water surface tension y;,=72.3 mN m!, a surface
is considered hydrophobic if its critical surface tension is below the threshold of 35 mN m™.
Different fluorinated silanes, including perfluorooctyltriethoxysilane[103],
perfluorooctyltrimethoxysilane[ 103], and perfluorodecyltrichlorosilane[31], have been so far used
for the functionalization of glass substrates, aiming at reducing the glass critical surface tension
(275 mN m™)[104] to prepare superhydrophobic surfaces.

However, no previous work has employed heneicosafluorododecyltrichlorosilane (HFDS) for the
functionalization of pillar-based nanostructure, even if this fluorosilane is reported to be the
molecule allowing the preparation of functionalized surfaces with the lowest critical surface
tension[105], i.e., 6-7 mN m!. Unfortunately, HFDS is only slightly soluble in most solvents, and
due to the length of its side chain, its solutions tend to polymerize due to the adsorption of water
from air moisture[ 106]. For this reason, we explored the usage of HFDS by employing a vapor
phase deposition approach [107].

The glass sample coated with the 5 nm Cu thin film was processed with a nanosecond laser, treated
for 8 min in RIE, and functionalized with the HFDS. A small quantity of the silane was placed
with the sample in a desiccated glass vessel and treated for 2h30min at 120°C. The sample was
removed from the vessel and treated at 100°C for 30 minutes to remove the physisorbed molecule
from its surface. After washing the samples in methanol, toluene, and water and drying them under
a chemical hood, the contact angle of the surface was measured with a 2 pl volume drop.

The outcome of the process was a superhydrophobic substrate (Figure 52), exhibiting a water
contact angle of 157° (Figure 52¢). For comparison, the water contact angle on a flat glass surface
was 114° (Figure 52a). As shown in the figure, the thermal desorption treatment at 100°C was of
utmost importance to enhance the contact angle since, for non-treated samples, it was lowered to
only 143° not reaching superhydrophobicity (Figure 52b). Such a high contact angle for a
nanotextured structure was obtained for nanopillars of 110nm height, which is unprecedented in
the literature where more considerable heights must commonly be employed. The nano-
hierarchical design lowers the surface energy and, combined with the nanopillar shape, achieves
such a high contact angle.

In addition, one of the most significant advantages offered by LID is the possibility of patterning
the surfaces to create nanostructured zones selectively and made superhydrophobic upon
functionalization in contrast to the non-patterned zones (Figure 52d).
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Due to their multiple applications, the obtained structures are of great technological interest. For
instance, they can also be used to create anti-reflection surfaces as they give a continuous and
smoother refractive index transition between the ambient air and the substrate if compared to the
abrupt change of a flat surface [108].

2 Flat 2 Pillar 9 Pillar+thermal

Figure 52: Contact angle of a water droplet on the fluorosilane functionalized flat glass (a) and
nanostructured glass without (b) and with (c) thermal treatment after functionalization. Droplets of dye
water solutions on the superhydrophobic nanostructured glass (d). Different LID patterns of a Snm Cu thin
film on a glass substrate to obtain selective superhydrophobic regions (e).

4.5 THIN-FILM DEPOSITION AND FABRICATION OF THE SERS

SENSOR

A 40 nm thickness silver and gold thin film was deposited by RF sputtering (Moorfield) at a
pressure of 3 Pa and RF power of 75 W onto the etched substrate immediately after the acid piranha
cleaning. The diffuse transmittance %Ty; ¢ and diffuse reflectance %Ry;ff spectra of the samples
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in the wavelength range from 350 to 900nm were recorded with a Shimadzu UV-26001 UV-visible
spectrophotometer. Absorbance Abs of the samples were calculated as:

1 100 — %Tyirr — %Ry
Abs = loguo () = ~logao (36—

4.91)
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Figure 53: UV-visible spectra obtained in diffuse transmission and diffuse reflection for the silver-coated
(a) and gold-coated (c) sensors. Calculated absorbance for the silver-coated (b) and gold-coated (d) sensors.

Substrates were imaged at FESEM after coating with a platinum coating layer (~ 5Snm) in a Quorum
150 DC sputtering, and images of both sensors are reported in Figure 54.

To study the utility of the prepared sensor for SERS application, the optical response of the pillar
at the excitation and Raman scattering wavelength were studied by means of near-field
simulations. The total electrical field E in the surrounding of a single coated pillar (see Figures
Figure 55 and Figure 56), induced by plane wave excitation, was calculated using a BEM approach
in SCUFF-EM [109]. Optical data for gold and silver were taken from Johnson and Christy. The
refractive index of soda-lime glass was assumed to equal 1.52 [110].
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Figure 54: SEM images of silver-coated samples a) and b). SEM images of the gold-coated samples after
the deposition of the nanoplastic contaminants ¢) and d).

The SERS Enhancement Factor (SEF) at a point X has been calculated as the product between the
field enhancement factor at the excitation wavelength A and the one at the Raman scattering
wavelength A, + Adgs.

E(f’ Aexc )
Eq

‘. ‘E(J?, Aoxe + Mgs)|? (4.92)

SEF(-)_C), Aexc:/lRS) = E
0

where E ( X) is the total electrical field in the point X and E,, is the incident electrical field.

The SEF values were calculated for both sensors at three different excitation wavelengths, i.e. 532
nm, 633 nm, and 785 nm, according to the chosen analyte band, see Figure 57 and Figure 58. In
particular, the Raman bands of interest are the aromatic breathing mode of MBA (1586 cm™) for
the silver-coated sensor and the aromatic breathing mode of polystyrene (1001 cm™! ) for the gold-
coated one.

A Surface Averaged SERS Enhancement Factor (SASEF) has been calculated as the integral mean
of the SEF over the upper pillar section profile y:
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Figure 55: Electric field enhancement factor for a single silver-coated pillar at different wavelengths.
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Figure 56: Electric field enhancement factor for a single gold-coated pillar at different wavelengths.
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Figure 57: SERS enhancement factor (SEF) for a single silver-coated pillar at different wavelengths.
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Figure 58: SERS enhancement factor (SEF) for a single silver-coated pillar at different wavelengths.

The calculated SASEF suggests that the silver-coated and gold-coated perform best at an excitation
wavelength of 532 nm, with the former offering almost a double enhancement if compared to the
latter. At 633 nm, the gold performs around three times better than silver, offering a SASEF of
904.12 vs 305.8. Finally, for an excitation wavelength of 785 nm, both the sensors could be more
effective, due to their much lower SASEF. Under these conditions, a structure with a higher aspect

ratio, offering longitudinal resonance modes towards the near-infrared region, could be more
efficient.
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4.6 SERS MEASUREMENTS

The realization of SERS substrate on gold-coated pillar has already been intensely studied by Yue
et al.,, 2022[111]. However, Yue's paper uses a complicated and expensive fabrication process
involving an electron beam lithography step. We employed the nano-hierarchical glass substrates
coated with a 40 nm layer of silver and gold by RF sputtering to obtain SERS sensors. From the
SEM analysis (Figure 54 a-b)), the nanoscale roughness is present on the silver-coated substrates
where the underlying glass roughness has favored the roughness of the deposited Ag layer. Those
substrates exhibit a broad LSPR band with a maximum located at a wavelength of 461 nm due to
the transversal resonance mode in the coated nanopillar (Figure 53 a) and b)).

To test the performance of the Ag-coated substrates, we employed 500 nM 4-mercaptobenzoic acid
(MBA) in water, which is commonly used to this aim. Indeed, due to aromatic ring vibrations,
MBA shows two very intense bands located at a Raman shift of 1076 cm™ and 1586 cm™,
respectively. A 20 pL drop of 500 nM water solution of 4-mercaptobenzoic acid (MBA) was
deposited onto the silver-coated sensor and a silver-coated flat glass.

The laser excitation wavelength was selected according to the absorption spectra (Figure 53), and
the results of the near-field simulation to achieve an optimal Surface Averaged SERS Enhancement
Factor (SASEF)Figure 57 and Figure 58 offered by our pillar-base sensor.

In the previous paragraph, the SASEF was employed to quantitatively indicate the field
enhancement due to LSPR modes for a specific Raman band at a particular excitation wavelength.
In our case, we observe that for the 1586 cm™ MBA band that SASEF at Agyc = 532 nm is
roughly ten times higher than SASEF at Ay = 633 nm and around 120 times higher than SASEF
at Agxc = 785 nm (see Figure 3e).

For this reason, we fixed the excitation wavelength to 532 nm, and the intensity of the strongest
band obtained from MBA measurement on the SERS sensor, i.e., 1586 cm™!, was compared with
the intensity of the same band obtained on a 40 nm flat silver film (see Figure 59).

The intensity enhancement factor (IEF) for the silver-coated sensor was calculated as:

ISERS (AEXCI Rs)
Iflat (AEXC' Rs)

IEF(}) = (4.94)

Where Iszrs(Agxc, Rs) and Iryqr (Agxe, Rs) are the intensity of the band at 1586 cm™, obtained on
the silver-coated SERS sensor and flat glass, respectively, at a given excitation wavelength Agxc
and Raman Shift R;.

As aresult, the IEF given by the nanotextured surface coated with Ag, calculated with (4.94)(4.96)
is equal to 176.7.
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Figure 59: SERS spectra of an MBA 500 nM solution obtained on a flat Ag thin film (red line) and on the
silver-coated pillar-based sensor (blue line).

In addition, the gold-coated sensor was tested for nanoplastic detection. For this purpose, a 5 uL
colloidal suspension of 100 nm latex nanobeads diluted from the purchased solution at different
concentrations (700 ug mL™!, 70 ug mL™!, 7 ug mL™!, 700 ng mL"!, 70 ng mL™'") was deposited on
the gold-coated sensor. After droplet deposition, the samples were slowly dried under a gentle Ar
flow before the measurements.

For the SERS measurement on the silver and gold sensors, we employed a Renishaw InVia Raman
microscope with a 50x objective (NA=0.75) and laser excitation wavelength of 532nm and 633
nm, respectively. Before running the measurement, the system was calibrated by referencing the
Silicon band peak at 520 cm™'.

To create a calibration curve, the Normalized Raman Intensity Iyorp has been calculated for each
spectrum as follows:

I
Inorm = P (4.95)

exc ' texp "Nace NA

where P, is the power of the exiciting laser (in mW), t.,, is the exposure time, n, is the total
number of accumulations and NA is the microscope objective numerical aperture.
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Figure 60: Normalized Raman intensity maps for PS NPs at different concentrations from 70 pg mL™! to
70 ng mL.

A digital approach (see Figure 61) was also adopted to process SERS data and obtain a meaningful
calibration curve.

Indeed, the metric used is based on the digital SERS counting as in [112] to act as a thresholding
function multiplied by the actual counts of the normalized peak intensity at 996 cm™. Such a
weighted average named combined intensity I~y p can be expressed as:

I <lIg+ 303

[ > 1y + 30, (4.96)

N
0,
Ieomp = Z w(l,) I,(n Ax,n Ay), w(l) = {1

n=1

Where N is the number of points measured in the map, I,(nAx, nAy) is the SERS intensity of the
peak at point (nAx, nAy), and w(I) is a threshold function that selects the signals that are at least
3 times above the noise level Ip;4, registered from a blank substrate without NP. The obtained
calibration curve reporting I-opp Versus the PS NPs concentration is reported in Figure 62 b).

The linear fitting of the displayed data is obtained by the equation I-oyp = 0.53c + 1.64, with R’
=0.98.
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Figure 61: Normalized Raman intensity maps for PS NPs at different concentrations from 70 ug mL™! to
70 ng mL!. Points whose intensity is lower than Iy + 305 are displayed in white.

A calibration curve was obtained by plotting the average Iyory Vs the sample concentration as
shown in Figure 62 a). The regression line of such a curve, in a double logarithmic scale, was
found to be y=0.398x+1.764.

However, the limit of detection (LOD) was also estimated according to a digital [113] count
analysis. The average normalized intensity at 996 cm™ Ig ,ux and its standard
deviation ag; 4ygWas calculated for a blank sensor, respectively 15.5 and 1.4.

For each concentration, the number of point Iryrwhose intensity is greater or equal to Ig; vk +
304Nk against concentration was calculated and reported in Figure 62 b). Both samples at 700
png mL ! and 70 pg mL! are saturated with the PS NPs and show a Iy equal to 144,

Samples at lower concentrations show a linear trend (R?=0.99) and are described by a regression
line of equation y=0.53x+1.64. The LOD was estimated as the concentration at which only one
point has an intensity value above Iy . This LOD value, calculated as 0.8 ng mL!, is easily
obtained as the regression line y-intercept in the double logarithmic plot. Such a value is almost
three orders of magnitude lower than the actual best value reported in the literature[ 114].
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Figure 62: Calibration curve of the mean normalized intensity (a) and combined intensity (b) as a function

of sample concentration.
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Chapter 5
SOFTWARE TOOLS FOR ADVANCED
MICROSCOPY

The optimization of the preparation process of nanomaterials and nanostructured materials often
requires to fully characterize the obtained samples from the surface morphology point of view.
This characterization is possible with different instruments such as SEM, AFM, or profilometer.
On the one hand, AFM offers a lateral resolution comparable to the atomic size but can operate
within a z-range of 100 um at most [115]. On the other hand, the sample height does not limit
modern SEM and offer a resolution of up to half a nanometer. Still, they usually cannot provide
topographical information on the vertical direction. Finally, optical profilometers are usually
limited to a resolution between 500 nm and 1 pm and do not allow surface reconstruction with tiny
features.

During this thesis work, much effort was devoted to the characterization of substrates and the
development of tools to ease and improve such processes. This chapter reports on the contribution
given to developing two approaches for the tridimensional reconstruction of laser machined
surfaces using an SEM exclusively: the reconstruction from four quadrants of backscattered
electron detector and the reconstruction from image z-stack.

5.1 SURFACE TRIDIMENSIONAL RECONSTRUCTION THROUGH
FOUR QUADRANTS BACKSCATTERED DETECTOR

This section is largely based on the published paper Regularization techniques for 3D surface
reconstruction from four quadrant backscattered electron detector images[116].

In a Scanning Electron Microscope (SEM), different types of interaction may occur when the
primary electron beam impinges on the sample surface. Primary electrons may be scattered either
inelastically, with the production of secondary electrons, or elastically, giving rise to a phenomenon
known as backscattering. Backscattered electrons (BSEs) have high kinetic energy, typically
higher than 50 eV, and compose most of the signal emanating from the specimen [117].

The backscattering coefficient npsp is defined as the ratio between the backscattered electron
current leaving the sample issp and the primary electron current entering the sample surface ir,
namely [118]:
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lgsp

NBsp = —— (5.97)

Such quantity is a function of the mass number £ of the atoms involved in the scattering process
that are present in the sample. For this reason, BSEs are usually employed for obtaining images
with compositional contrast, allowing to make the distinction between light (ngsp = 10%) and
heavy elements (ngsp = 50%). Indeed, in a sample composed of multiple phases, the ones
containing lighter elements will appear relatively dark (lower number of emitted BSEs). On the
contrary, the ones containing heavy elements will appear with higher brightness (higher number
of emitter BSE).

A critical role in the final SEM analysis with BSE is played by the detectors and their arrangement.
For example, a standard Everhart-Thornley detector can be used for BSE if a negative bias is
applied to its Faraday’s cage to repel secondary electrons (SE), which have lower kinetic energy
[118]. More recently, solid states diode detectors (SSDs) consisting of two semiconducting
electrodes forming a p—n junction were introduced as BSE detectors. Typically, the two electrodes
of the junction are constituted of Si or Ge doped with As/Ga and As/P/Sb, respectively [1]. The
SSDs are available in different geometries, although the most common is the four quadrants
arrangement (FQSSD) [119], shown in Figure 63.

Figure 63: a) Details of BSE detection with a FQBSD and b) details of the FQBSD structure.

In the FQSSD, the compositional contrast is generally given as the sum of the signal of all the
quadrants, but topographical information may also be obtained by combining the four signals in
different ways. In particular, since the emitted BSEs also depend on the surface inclination, the
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surface gradient can be calculated by combining the different quadrant signals as detailed in the
following. The signal intensities counted by a detector can be expressed as [120]:

. tp7]
ipsp =~ [d tan(¢s) cos(6, — 65) + c,] (5.98)

where 65 and ¢ are the surface orientation expressed in polar spherical coordinates, dy4, ¢4, and
8, are constants that depend on the detector geometry. From the (5.98) we can obtain the derivative
of surfaces elevation along the x direction as [121], [122]:

az_t (o) (9)_CIA—IB 599
oy~ an(¢s)cos(0s) =57 = (5-99)
. 0z 0z Iy =1 I, — 1
Guta) = (22,22) - (1= e 1
N =\axay) =\ L 1T L, (5-100)

Where Iy, I, I and I, are the signal intensities as detected by each quadrant of the backscattered
electron detector as shown in Figure 63.

In real applications, the quality of the height reconstructions obtained by these formulas is largely
dependent on the alignment, sensitivity, and dynamic ranges of the BSD detectors. Unfortunately,
many older models of SEMs are still equipped with manual retractable BSD detectors, which are
generally very difficult to align perfectly with the gun axis and may therefore, suffer an unbalanced
electron count amongst the quadrants. In this case, the imbalance negatively affects the 3D
reconstruction of the topography, introducing artificial gradients and biases. For this reason,
modern instruments are typically equipped with either an InLens BSD detector or a pneumatic
insertion and positioning system.

Here, we present a regularization approach to mitigate the distortions in the reconstruction of
different types of surfaces for the worst and more common case of images collected in a Field
Emission Scanning Electron Microscope (FESEM) equipped with a manual retractable FQSSD.
Such regularization dramatically improves the surface reconstruction, and the choice for the
optimal regularization kernel according to the surface type will be discussed. The algorithm
discussed in this section was implemented in a Matlab code, the user interface of which is shown
in Figure 64.
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Figure 65: Image of the samples tested for the tridimensional reconstruction observed with SE2 detector
at the FESEM.
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All the samples studied in this work were analyzed with a Zeiss SupraTM 40 FESEM equipped
with a K.E. Developments Type 211 four quadrant backscattered electron detector (FQBSD).
Images from each quadrant of the FQBSD, reported in Figure 66, 69, 72 and 75, were acquired at
an acceleration tension of 15 kV, setting the aperture to 60 pm and the working distances to 5 mm.
The operator manually adjusted the brightness and contrast of the images on each sample to ensure
adequate topographical information was contained in all the quadrant signals.

Silicon and steel samples were imaged without any preparation. In contrast, the laser-processed
aluminum samples were coated via DC sputtering with a 5 nm platinum layer to mitigate charge
accumulation. The height reference for the surface reconstruction was determined from
measurements performed with a Taylor Hobson Intra Touch stylus profilometer. To obtain a
reference to validate the reconstructions, a square region of 70 um by 70 um of the laser-treated
silicon sample was measured with a Nanonics MultiView™ 2000 AFM. The acquisition was
performed using a 20 nm standard quartz tip at the 1:1 sensitivity mode, adopting a scan step of
145 nm in each direction. This step size was chosen to equal the FQBSD images resolution.

All the images were imported in MATLAB, and a custom code was created to obtain both the
reconstruction and regularization of the surfaces. All the surface plots presented here were
generated in Matlab employing the Colorcet perceptually accurate 256-color colormaps [123]. In
general, the reconstruction of a surface by integrating its gradient field is a particularly tedious
operation because it requires low-frequencies information, which is reduced by the derivative
operation [124]. Indeed, the tridimensional reconstruction of a surface requires the integration of
(5.100) to obtain the height profile given by:

y
( )—fx|az| d +f|az| d (5.101)
z(x,y) = axyx ayx y .
0 0 0

Direct integration of (5.100), as suggested in some works [121], [122], is definitely possible. Still,
fair results are achievable only for relatively smooth surfaces, i.e., without many small surfaces
details. At the same time, the image must contain a flat portion to be used as a reference for
background estimation. This limit is due to the fact that, if data contains noise, it may accumulate
along the integration direction giving rise to significant artifacts or distortions in the reconstructed
surface. To overcome this issue, Harker et al. [125] proposed a new least square procedure for
surface reconstruction from gradient field.

Provided the gradient matrix is known, the surface whose gradient is closest in the global least
square sense is the one that minimizes the cost function € defined as follows:

2
| (5.102)

&(2) = ||zD} —Z”xlli +[I0yz = 2,|

Where Z,, and Z,, are the surface derivatives along x and y directions, respectively, Z is the profile
of the surface to be reconstructed, and D, and D,, are the derivative operators. To find the minimum
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of (6), a system of linear equations must be solved. It can be proved that partial derivative of the
cost function (6) are equal to zero if the following Sylvester form equation is satisfied:

DID,Z +ZDID,—D}Z,—Z2,D, =0 (5.103)

The significant advantage of Harker’s algorithm is the possibility of incorporating surface
regularization [126], [127]. Among all the possible techniques, Tichonov’s and Dirichlet’s methods
are of particular interest for the regularization of surface reconstructed from FQSSD images.

According to Tichonov’s approach, a generic ill-posed least problem in the form AX = b is solved
by the minimization of the following functional:

L2
e() = ||a% +B|| +27[ILGE - %), (5.104)

where A is the regularization strength, alse named minimization weight, L is the regularization
operator, and X, is the a priori estimation of the surface. In general, the optimal value of 1 is a
function of the surface topography [128] and its independent on the material type. The choice of
this value is decided upon the spatial characteristics of the sample and some optimization strategies
for its determination may be useful.

Setting the value of X, to a flat surface, i.e. X, = 0 the least square problem with Tichonov’s
regularization is reduced to:

min{||A5c’+B||z+/12||La?||§} (5.105)

Harker et al. demonstrated that by differentiating (5.104) one could obtain, for the discrete surface,
the following Sylvester equation:

(DJDy + ALYL,)Z + Z(DY + ALYL,) — DY Z,, — Z,D,, = 0 (5.106)

where, in our case, we chose 4 > 0 and the identity matrix as the regularization operator (i.e. L =
I). In this way, the equation is fullydefined and, therefore, directly solvable. Constrained
regularization can also be performed when the information on the Z coordinate values along the
surface border is known. A surface can be expressed as:

z=pzoT (5.107)

Where P and Q are two permutation matrices. The premultiplication of Z by P and the subsequent
postmultiplication of the result by QT produce the result of adding a frame of zeros around the
surface Z, i.e. padding of Z.
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By entering (11) into the (6) one obtains the following equation
P™DID,PZ +ZQ"DID,Q — PT(D]Z, + Z,D,)Q =0 (5.109)

Which is solved to obtain the inner portion Z of the regularized image.
Quantitative validation of the difference for the reconstructed and the measured laser-induced
roughness on silicon has been conducted by means of Fourier Analysis. In particular, the power

spectral density (PSD) function W(E) allows to study the amplitudes of surface features as a
function of the spatial frequency. It is defined as the square modulus of the Fourier Transform of
the surface elevation, and can be expressed as:

21 2

w (k) = fz(x,y)e‘i%'f)dxdy
0

(5.110)

When interested in displaying the energy amplitude as a function of only the frequency, regardless
of the direction, it is usually more convenient to plot the Radial Power Spectral Density (RPSD)

function W(E) The RPSD is obtained by integrating the PSD over the 2 angle, namely:

21
W(E) =j W (k cos ¢, ksin @)k do (5.111)
0

We applied the methods described above to the reconstruction of hardness indentations on AISI
316L stainless steel and laser-treated surfaces of aluminum and silicon samples. The chosen
samples have different compositions, thus different BSE emissions, to test the applicability of our
method on a variety of sample types, even one with low atomic number such as silicon. Moreover,
the hardness indentations and the textured surfaces represent two different surface cases in terms
of spatial features, the first with a slowly varying profile and a reference flat area around and the
second with patterns a textures with features with high spatial frequency.

In Figure 67-71,we show the reconstruction of Rockwell’s and Vickers’s indentation on stainless
steel, respectively. These features were obtained on polished surfaces and are therefore surrounded
by vast flat regions that can be regarded as a height reference. The absence of a regularization
strategy leaves artificial marked asymmetries of the indentation prints as can be observed, e.g., in
Figure 67 a) and Figure 70 a). This fact underlines the need for regularization in reconstructed
images and the choice of optimal strategy depends also on the type of substrates and measurement
required.

104



Indeed, for the regular indentations occurring in the microhardness test presented, a plane
background subtraction conserves the shape of the indentation but leaves a polynomial background
that might falsify the measurement.

While the Dirichlet’s method (Figure 67 c) is very effective if the flat surface of the unindented
region is taken as a reference, other methods like Tichonov’s, introduced ridges all over the
indentation boundaries as shown in Figure 67 d). Thus, for microhardness testing, the Dirichlet’s
regularization offers the best results and could be potentially used to obtain images for quantitative
measurements. In Figure 73-77, we report the reconstructed surface of laser patterned aluminum
and silicon surface. Since these surfaces exhibit high roughness, their regularization by
background subtraction or Dirichlet’s methods are rather ineffective. Indeed, these surface do not
have a flat reference region outside the main region of interest, and present high frequency spatial
components due to the presence of the roughness. Although Tichonov’s regularization can
potentially provide better results, its strength must be tuned to obtain optimal performance. We
studied the quality of the reconstruction of the silicon sample by comparing the RPSD (5.111) of
the different regularized surfaces with the RPSD of the surface calculated on an AFM image,
reported in Figure 80. Indeed, as shown in plots of Figure 78 and Figure 79 low values of 1 e.g. 4
=107 or A =102 do not allow for a substantial correction of the surface, and its features are still
hidden in the background. Higher A values proved to be adequate to reveal the surface roughness
details. In particular, for 1 =10 ~ !, we obtain an optimal reconstruction of the surface where small
scale features appear more neatly. In this case, Tichonov’s method proved to be the best choice
with the optimal value of the reconstruction strength as can be seen from the PSD function in very
close to the one obtained by the AFM analysis in the middle-frequency region (0.3 um ™' —3 um™).
Deviations in the higher frequency regions can be ascribed to the SEM lower sensitivity along the
Z directions given by the 8-bit image depth. On the other hand, deviations in the lower frequencies
region are due to the variability in the different regions scanned with SEM and AFM, and the fact
that the scanning region of the AFM is limited by the specs of the instrument to a 70 um x 70 pm
area.
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Figure 66: (a-d) Images from single quadrant of FQBSD for the cone indentation sample
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Figure 67: Heatmap of the reconstruction of Rockwell’s hardness indentation on AISI 316L stainless steel

(see Figure 66) without regularization (A), regularized with plane background subtraction (b), Dirichlet’s
regularization (c) and Tichonov’s regularization (d).
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Figure 68: Tridimensional reconstruction of Rockwell’s hardness indentation on AISI 316L stainless steel

(see Figure 66) without regularization (A), regularized with plane background subtraction (b), Dirichlet’s
regularization (c) and Tichonov’s regularization (d).

Figure 69: (a-d) Images from single quadrant of FQBSD for the Vicker's indentation sample
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Figure 70: Heatmap of the tridimensional reconstruction of Vicker’s hardness indentation on AISI 316L
stainless steel (see Figure 69) without regularization a), regularized with plane background b), Dirichlet’s
regularization c¢) and Tichonov’s regularization d).
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Figure 71: Tridimensional reconstruction of Vicker’s hardness indentation on AISI 316L stainless steel (see
Figure 69) without regularization a), regularized with plane background subtraction b), Dirichlet’s
regularization c) and Tichonov’s regularization d).
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Figure 72: (a-d) Images from single quadrant of FQBSD for the aluminum laser processed samples
(triangle texture).
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Figure 73: Heatmap of the tridimensional reconstruction of a laser patterned aluminum surface (see Figure
72) without regularization a), regularized with plane background subtraction b) Dirichlet’s regularization
c¢) and Tichonov’s regularization d).
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Figure 74: Tridimensional reconstruction of a laser patterned aluminum surface (see Figure 72) without
regularization a), regularized with plane background subtraction b) Dirichlet’s regularization c¢) and
Tichonov’s regularization d).
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Figure 75: (a-d) Images from single quadrant of FQBSD for the silicon laser textured samples.

110



y [um]
z [zm]
y [um]

20 40 60 80 100 120 140
X [um]

y [pm]
y [pm]

20 40 60 80 100 120 140

20 40 60 80 100 120 140
X [pm]

X [um]
Figure 76: Tridimensional reconstruction of a laser patterned aluminum surface (see Figure 75) without

regularization a), regularized with plane background subtraction b), Dirichlet’s regularization c) and
Tichonov’s regularization d).
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Figure 77: Tridimensional reconstruction of a laser patterned aluminum surface (see Figure 75) without

regularization a), regularized with plane background subtraction b), Dirichlet’s regularization c) and
Tichonov’s regularization d).
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Figure 78: Heatmap of the tridimensional reconstruction of a laser processed silicon surface regularized
with Tichonov’s techniques with different regularization strength. (a) A =1-10"1, (b) A =1-1072, (c)
A=1-10"tand(d)A1=2-10"1.
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Figure 79: Tridimensional reconstruction of a laser processed silicon surface regularized with Tichonov’s
techniques with different regularization strength .a)A =1-10"1,b)A=1-10"2,c) A =1-10"1 and d)
A=2-10"1
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Figure 80: RPSD of the surface reconstructed with different regularization methods a) and reconstructed
with Tichonov's method using different regularization strenght b).

S2EXTENDED DEPTH OF FIELD IN SCANNING ELECTRON
MICROSCOPY

The study of laser machined surfaces is of utmost importance to observe the different phenomena
occurring during these treament. However these surfaces usually exhibit a hierarchical structure,
revealing details over different size scales. This peculiarity makes theme very difficult to be
analyzed with both AFM and profilometers. In this case the use of SEM allow for imaging these
surfaces at different levels of detail and obtaning compositional information. In our work [116]
we’ve already showed how tridimensional reconstruction from four quadrant backscattered
electron was able to return a good quality replica of laser machined surfaces. However this
approach is limited by the relatively low resolution offered by most of the BSE detectors
commonly installed on SEM. Moreover, these kinds of samples usually show a high z-elevation,
so the depth of field (DoF) offered by the SEM is not enough to characterize the surface in a single
image retaining a high resolution. In fact, depending on instruments settings, mainly the aperture
size and the working distance, the SEM can achieve DoF, which is usually in the range from some
tenths of um to some mm. If we consider the primary electron beam, its incidence angle on the
sample a can be calculated as [129]:

Dap) _ Dap (5.112)

= at — | ~
* aan(zwd 2w,

Where Dy, is the diameter of the aperture and Wy is the working distance.
From the beam incidence angle, see Figure 81, the DoF is given as:
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Where § is the required resolution on the sample as calculated from the calibration bar.

From (5.112) and (5.113) one can easily note that the DoF is increased for high value of working
distance and small apertures. Hovewer, sometimes there are situation were small working distances
are mandatory. This happens, for instance, when imaging samples at high magnification in a field
emission scanning electron microscope (FESEM) with the use InLens detector which requires
working distance usually shorter than 4 mm o when using a BSE detector in a topographic contrast
mode.

Moreover, to improve the signal-to-noise ratio (SNR) of images from backscattered (BSE) or
pseudobackscattered (PBSE) detectors, the use of large apertures is strongly recommended.

WD

DoF

Figure 81: Schematization of the electron optics geometry for the DoF calculation. The red thick line
represent the sample.

In all these situation the DoF offered by the SEM is limited and the measurement of samples with
high z elevation is not possible with a single image. To overcome this problem an extended depth-
of-field (EDoF) approach [130], [131] may be employed.

The reconstruction of the high DoF image can be achieved by either a direct method [132], which
makes use of wavelet transform to detect the focused region in each image, or by a model-based
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method [133] where the texture and topography are jointly estimated in an iterative process as
occurs in optimization problems.

Both methods are based on the collection of a stack of N images with different controlled focus
distances that are subsequently merged by a fusion algorithm that will discard all the blurried
region in each collected image and merge the in-focus part of the images from the stack. However
in some situation we could be interested in reducing as far as possible the DoF to obtain an higher
number of images to obtain a tridimensional surface reconstruction with a good resolution on the
Z-axis.

Following the method discussed in the followings and reported in the flow chart of Figure 82 it is
possible to reconstruct an image from Z-stack of SEM images.

The calibration bar containing the SEM metadata from each of the N images is automatically
detected and removed. The bar is detected by finding the first line whose pixels are either all black
or all white in color. Subsequently, the blurring score BS; for each collected image M; is calculated
as the variance of Laplacian:

BS; = var[V*M;(x,v)] (5.114)

A threshold blurring score BS,f is calculated applying the (5.114) to the %th image after it has

been blurred with a Gaussian filter with kernel size 3 by 3 pixels and standard deviation equal to
0.5. The z-stack is acceptable if the blurring score of the first and last image are lower than BS;,
and has to be completed by adding further images otherwise, namely:

BS, < BS ABSy < BS acceptable
{ 0 ref N th p (5.115)

BSy > BSyer VBSy > BSy,  not acceptable

The adopted image fusion algorithm is based on the wavelet transform [134]. Wavelet transform
is used to divide the image into two components: approximation and details. Approximation is a
lower resolution version of the image, whereas details contain the high-frequency components
such as edges. This decomposition is obtained by passing the image through high-pass and low-
pass filters operating in the horizontal and vertical direction.

For each level, we obtain an approximation (LL), horizontal details (HL), vertical details (LH),
and diagonal details (HH):

[AGi,x,v), H(i,x,y),V(i,x,y),D(i,x,y)] = DWT(M;(x,y)] Vi (5.116)

For each point of coordinate (x, y) of the image the most focused areas can be selected and the
higher amount of details can be obtained by two different criteria. The first criterion is based on
the energy and select the focused image as the one whose details energy is maximized

ir(x,y) = arg rniaX[H(i, x,v)2+V(i,x,v)2+ D(,x,y)?] (5.117)
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A second criterion is to choose the focused image as the one which has the highest details
coefficient, regardless of the direction, in the point:

ir (x,y) = argmax{max[|H(i, x, )|, IV (&, %, )1, 1D, 2, )1} (5.118)

The coefficient matrixes of the fused image are calculated as follows:

N
[ aen=a(3)
H(x,y) = H[ir (x,7), %, ] (5.119)
Vecey) = VI[ir(x ), %,y]

Df(xﬂy) = D[if(x,y),x,y]

And the image I, is recostructed as the inverse wavelet transform of the focused components
calculated with the (5.119).

Iw = IDWT (A, Hy, Vy, D) (5.120)

Due to noise in the image, it is possible that a local failure of the merging algorithm can lead to
spike noise in the reconstructed image. For this reason, the image is finally filtered for noise
removal. This filter is easily performed by applying some morphological filter for outlier removal
such as median filter, gaussian filter, or Hampfel filter, tuning their kernel size to obtain the desider
filtering strength.

To automatize this procedure, a Matlab tool, whose user interface is reported in Figure 83, was
realized and used to produce the following reconstructed images.

116



Image Capture <+

Y

Image cropping and
alignment

True False

True Bs1<BSy and False
BSN <= Bsth

A4

Discrete Wavelet
Transform

Focus Map calculation

Focus Map smoothing

v

Inverse Discrete
Wavelet Transform

Figure 82: Flowchart of the wavelet-based algorithm for the extended depth of field reconstruction.

The tool was first employed to study the depth of a laser-machined grove on stainless steel, which
was impossibile to measure with other instruments. The samples were imaged in a FESEM at a
working distance of 5 mm and an aperture size of 60 um, collecting a Z-stack of 45 pictures,
increasing the working distance of 5 um per step.
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Two images from this z-stack are shown in Figure 84, which also shows that it was impossible to
get a vision with the whole feature in focus. Meanwhile, Figure 85 shows the extended depth of
field images reconstructed by using the sum criterion Figure 85 a) and the maximum criterion
Figure 85 b). Both images are good in quality but contain noise, which is more evident when
trying to create a tridimensional reconstruction of the surface (Figure 86 a). This noise can be
removed by applying a morphological filter, e.g., median or Gaussian blurring filter, as
demonstrated in Figure 86 b)-¢) .

Settings Image 3D Surface Statistics. Log

Folder Path
Jhome/matteo/Deskiop/EDoF! C]

Z Step [um]
E |

Extented Depth of Focus Image

Calibration Factor [px/um]

[
p—

Working distance (mm)
’ |

Image Alignment
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Coefficient Optimization

sum ( J Maximum

Colored Overlay Image

Export ZStack
Clear All

Figure 83: User interface of the Extended Depth of Field tool realized in Matlab.

Figure 84: Two images (a and b) from the z-stack of the laser-textured sample. The reader can observe in
both the picture that the DoF is much lower than the features height and most of the images appear blurried.
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Figure 85: Extended depth of field images reconstructed from z-stack. (a) reconstructed by sum criterion
and (b) reconstructed by maximum criterion.

Other two examples of extended depth of field images of laser-processed surfaces are reported in
Figure 87 a) and c). Such image stacks have been used to obtained both a tridimensional
reconstruction (Figure 88 a) and b) and a height heatmap, shown as overlay on the original images
Figure 87 b) and d).

As demonstrated by the results obtained by the application of the algorithm developed, this
approach can potentially give almost infinite depth of fields while conserving the lateral resolution
which are mainly dependent on the characteristics of the electron microscope and the operating
conditions. For both the regularization technique and the extended depth of field approach, we
developed tools of great practical utility that can improve the analysis of micro- and nano-textured
surfaces in scientific and industrial research.
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Figure 86: Tridimensional surface reconstruction obtained with the extedend depth of field approach and

smoothed with different filtering methods. Unfiltered (a), filter with 3x3 median filter (b), filtered with 5x5
median filter (c), filtered with 7x7 median filter (d) and filtered with 3x3 gaussian filter (e).
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Figure 87: Extedended Depth of field image for two stainless stell laser-processed samples (a and ¢). Image
with an heatmap overlay for the indication of the feature depth (b and b).
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Figure 88: Tridimensional reconstruction of laser processed sample of the samples shown in Figure 87.
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Chapter 6
CONCLUSIONS AND FUTURE
PERSPECTIVES

The research work undertaken within this thesis allowed for substantial advancement in the SERS
substrate preparation techniques for the ultrasensitive detection of different types of contaminants
in water. In the following, I will briefly summarize the main results and some paths for possible
future developments of the work.

In the first chapter, a novel approach for the simulation-driven design of metal nanoparticle
monolayers was developed and successfully tested for detecting skatole in water at an excitation
wavelength of 785 nm to reduce fluorescence emission as much as possible. The main goal is to
optimize the geometry conditions (particle size and center-to-center distance) targeting a specific
Raman band at a given excitation wavelength. The deposition condition to achieve a certain
interparticle distance was found by optimizing the seeds’ deposition through a Monte Carlo
simulation, which takes into account different forces acting on the nanoseeds during the deposition
process.

The deposited seeds were grown until they reached the desired particle diameter and, therefore,
the optical response that was initially targeted in the simulations. In the model, I assumed that all
nanoparticle seeds have the same diameter, even though a more realistic simulation should
consider the size distribution and polydispersity of the suspension, which will certainly influence
the coverage factor during the deposition.

Despite being tested on gold nanoparticles to detect the skatole, this approach is widely applicable
for all the other contaminants and different particle geometry and compositions. Future studies
may investigate the possibility of optimizing core-shell particle monolayers to obtain broadband
and ultrasensitive SERS substrates.

Although this approach can, in principle, be applied to non-spherical geometry, it appears to be
difficult to model more complex nanoparticle morphology, such as nanowires and nanostars.

In the second chapter, I report on an innovative technique for the preparation of nanoparticle arrays
by dewetting silver thin films. Thermal and laser-induced dewetting of metal thin-film were
already known and well explored by previous studies, but they may cause degradation of the
optical response of nanoparticles due to oxidation or tarnishing of the same. I therefore introduced
a novel technique based on the exposure of the thin film to high-volatility acid (HC] or HNO3) or
hot water vapors. I also demonstrated by a combined EDX and XPS study that the silver tin film
mostly does not react with the vapor, and the obtained nanoparticles show a strong LSPR band.
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Only an outer thin layer containing Cl atoms was observed with an XPS analysis, although without
producing a significative effect on the optical properties of the nanoparticles. For this reason, these
nanoparticles were employed for the detection of Rhodamine 6G as a model molecule (LOD
1.9-10"" M) and as an etching mask for silicon RIE treatment.

This disruptive procedure for silver nanoparticle synthesis can revolutionize the way we prepare
nanoparticles due to its low cost, high reproducibility, and compatibility with almost all the
substrates (no thermal or laser treatment is required).

The possibility of dewetting thin films of noble metals, such as gold and platinum, should be
investigated to develop a low-cost and fast procedure for producing nanoparticle arrays of these
metals.

Further developments should focus on the possibility of producing nanoparticles of semiconductor
oxides with relevant applications in photocatalysis, such as CuxO and ZnO. Such preparations may
involve the exposure of a metal thin film to an oxidant chemical vapor, like, for instance, nitric
acid. For a better reproducibility of the synthesis, it appears advisable to recommend the
preparation of a sealed cell where an inert transport gas drives the chemical vapor at a controlled
flow rate.

The last approach introduced in this thesis is based on the thin-film deposition on a previously
nanostructured surface. The surface was nanostructured by a RIE etching treatment using some
copper nanoparticles created by laser-induced dewetting as an etching mask. The obtained pillars
were coated with a gold-thin film and used for the detection of polystyrene nanoparticles of 100
nm diameter. Using a digital analysis method, we achieved a record limit of detection of about 0.8
ng mL"', which is almost three orders of magnitude better than the latest work in the field at the
moment of writing.

These findings are very promising in the study of such widespread contaminants as, up to now, the
detection of such low concentrations has only been allowed by the use of FESEMs, which,
however, does not allow identification of polymers. The investigated devices are, therefore, good
candidates for routine detection and quantification of nanoplastics. Further work should be done
to study, identify, and quantify other polymers’ nanoplastics present in water pollution.

Finally, the substrate could be further improved by employing a simulation-driven procedure to
lower the limit of detection further and set the path to a novel standard characterization procedure
for micro- and nano-plastics.
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APPENDIX A - TECHNOLOGY
TRANSFER ACTIVITIES

During my Ph.D. course, I have been involved in several technology transfer activities for
patenting some of the technological solutions that were developed as a part of my research.

In particular one Italian patent application has been filed and submitted with the title Metal-based
filtering membrane for environmental analytical application (membrana filtrante rivestita con
metallo plasmonicamente attivo per applicazioni analitiche ambientali).

This patent application describes a nanostructured and metal-coated membrane and the production
process thereof, for analytical applications, including SERS.

A.1 DRY ETCHNG OF TRACK ETCHED MEMBRANES

The production of a track-etch (TE) filtering membrane is a process which consists of a first
irradiation with heavy ions of the polymeric film and a subsequent etching in a concentrated NaOH
solution. The irradiation which is obtained with fragments from the fission of heavy nuclei (Ca or
U), or more commonly with an ion beam generated in an accelerator, creates some localized
damage in the membrane [135].

When exposed to chemical etchant, the damaged zones show a much higher etching rate than the
rest of the membrane so nanopores of controlled size are created through the membrane thickness
[136].

Different polymers have been used historically for the preparation of TE membranes but due to
the need for high hydrophilicity for filtration of aqueous medium the production nowadays focuses
on the use of polycarbonate (PC) or polyethylene terephthalate (PET), with the latter usually
preferred for its higher hydrophilicity and its high mechanical strenght[136].

Junkat et al. [137] studied the effect of oxygen plasma treatment on the surface roughness and
chemical composition of a PET sample. They observed the oxygen concentration move from
20.8% to around 30% after a few seconds of treatment as a consequence of the formation of O-
rich surface groups and the contact angle was lowered from the initial 72° to around 19°.

They also observed a strong increase of surface roughness, with the formation of pillar-like
structures. The same type of structures was also obtained in other works [138], [139] and is due to
the differential etching rate of amorphous and crystalline zones within the semicrystalline polymer.
In fact, it was stated by Fernandez-Blazquez et al. [138] that differences in etch rates related to
crystallinity are due to more easy chain scission that occurs in amorphous polymers. However,
some phenomena related to glass transition due to polymer heating may also concur with this
phenomenon.
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A.2 FABRICATION PROCESS

The main idea of the production process is to create pillar-like nanostructures on the surface of the
track-etch membranes by means of RIE treatment without using any mask (maskless etching). The
absence of the mask deposition and patterning steps will speed up production and also lower the
end-product cost.

We therefore exploited the etching behaviour of PET surface previously described for the
realization of pillar-like nanostructures on the top of the filtering membrane.

Said nanostructures will be coated with a metal thin-film, generally gold or silver, which, as
already discussed in the previous chapters, show a plasmonic resonance located in the visible range
and are therefore suitable for SERS application.

The effect of the degree of crystallinity of a polymer on the etching rate in an O2 plasma has been
widely described in the literature. In particular, a differential etching effect has been observed,
where the amorphous regions of the polymer tend to be rapidly removed by the O» plasma, while
the crystalline regions exhibit higher resistance.

The percentage of crystallinity in semi-crystalline polymers, such as polyethylene terephthalate
(PET) and polycarbonate (PC), can be altered through treatment with an electron beam (e-beam)
or gamma rays. These treatments aim to reduce the degree of crystallinity of the polymer and
decrease the average size of crystallites.

The process parameters (beam energy, radiation intensity, and exposure dose) are chosen based on
the polymer used and its initial crystalline structure.

The O RIE treatment allows for the creation of nanostructures on the surface of the membrane.
These nanostructures form as a result of the differential attack of the polymer by the oxygen
plasma, which attacks the amorphous regions more rapidly than the crystalline ones.

In order to obtain pillars of appropriate height it is of utmost importance to give the plasma a strong
chemical action. For this purpose the treatment was conducted for 60 seconds at a power of 200W,
a pressure of 20 Pa and an oxygen flow of 50 sccm.

The second step is devoted to the deoposition of of layer of metal with a thickness ranging from
30 nm to 50 nm by means of RF sputtering. Power and deposition time can be chosen according
to the desired thickness, however, to obtain good conformity it is recommended to operate a
presurre around 3 Pa.

The final step goal is to deposit a protective oxide layer (e.g., silicon dioxide) optionally exhibiting
photocatalytic behavior (anatase phase of titanium dioxide), with a thickness of around 1 nm, on
the surface of the membrane already coated with a metallic layer. In the case of TiO> deposition,
to push towards the formation of the anatase phase, the treatment can be performed using a process
atmosphere of 90% Ar and 10% O at a pressure around 3 Pa. This indication arises from the study
by Horprathum et al. [140] who investigated the effect of oxygen partial pressure on the obtained
crystalline phase of TiO; thin-film deposited by sputtering.

In Figure 1a) I show an SEM micrograph of the PET-TE membrane as provided by the supplier.
The same membrane is shown in Figure 89b) after the O, RIE treatment and in Figure 89c) after
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the deposition of the Ag/TiO> thin film. One can observed from Figure 89c) that pillar-like
nanostructures are produced as a combination of the nanostructuring/coating process.

Figure 89: PETE track-etched membrane as provided (a), after O, treatment (b) and after the Ag thin-film
deposition (c).

A.3 SERS MEASUREMENTS

In Figure 90 a) it is shown the UV-VIS spectra of a PET-TE membrane as provided (red line) and
after the nanostructuration and Ag/TiO thin film deposition (blue line) acquired in a diffuse
reflectance (incidence at 0°) with a Shimadzu UV-VIS 2600 equipped with a ISR-2600Plus
integration sphere.

The comparison of the two spectra makes evident how the nanostructure membrane exhibits a
strong LSPR peak localized at around 390 nm.

The membrane has been tested for the detection of Rhodamine 6G (R6G) through surface-
enhanced Raman spectroscopy. We utilized an excitation wavelength of 532 nm and a power of
300 uW. A small droplet of 10 pL was deposited on the membrane which was dried under a N
flow.

As a benchmark. the same measurement has been performed on PET-TE membrane coated with a
40 nm gold layer which is very similar to the product currently available on the market. Figure 90
d) the obtained Raman spectra are reported and we observe how the intensity of the R6G raman
band due to the aromatic ring breathing at 611 cm™ as an intensity of about 4500 counts on the
nanostructured Ag/TiO> coated membraned whereas is only about 700 counts on the standard gold-
coated membranes.
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Figure 90: a) UV-VIS reflection spectra of the bare and coated membranes. b) Raman spectra of a
Rhodamine6G 1puM solution obtained with standard gold-coated membrane and with the nanostructured
membrane.
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