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ABSTRACT
Analytical techniques based on Laser ablation (LA), such as LIBS and LA-ICP-MS, are
capable of rapid chemical analysis directly on the sample surface. Recently, the cou-
pling between nanoparticles and light has been considered as a way to improve these
techniques’ performance. Nanoparticles coupling with laser can strongly enhance the
near-field around them. When the nanoparticles are deposited on the surface to be
analyzed by methods based on LA, the strong field created by the coupling between
nanoparticles and laser may change the LA processes influencing the properties of laser-
induced plasma. It has been shown that the presence of NPs during LA lowers the
ablation threshold, enhances the signal and changes the properties of aerosol particles.
The applications on Nanoparticle Enhanced LIBS (NELIBS) have found a place, where
conventional LIBS have some difficulties, e.g., analysis of samples where damages are
undesirable, analysis of solution at sub ppm level by employing micro-liter volumes etc.
This thesis completely describes the phenomena behind nanoparticle enhanced LA, based
on comprehensive experimental work and physical theory. Further, with the understand-
ing of the fundamental principles, two new applications were developed. Firstly, NELIBS
is used as an advance technique for metallic ions detection in amyloid fibrils, an advanced
bio-material suitable for water purification. Secondly, NELIBS is introduced as a new
method for nanoparticle protein corona sensing extending the classical use of NELIBS
from the elemental analysis to the use as a sensing tool.
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ABSTRAKT
Analytické metody LIBS a LA-IPC-MS založené na Laserové Ablaci (LA) nabízejí mož-
nost rychlé chemické analýzy přímo z povrchu vzorku. Nedávno bylo ukázáno, že in-
terakce světla s nanočásticemi může být využita pro zlepšení analytických schopností
těchto metod. Při interakci nanočástic s laserovým paprskem dochází k zesílení elektro-
magnetického pole v jejich blízkém okolí. Pokud jsou nanočástice přítomny na povrchu
vzorku analyzovaném některou z metod založenou na LA, zesílené pole vytvořené in-
terakcí laseru s částicemi může pozměnit průběh LA, a tak ovlivnit vlastnosti laserem
indukovaného plazmatu. Bylo zjištěno, že použití nanočástic může snížit práh ablace,
zesílit signál a změnit vlastnosti aerosolu. Nanočásticemi zesílená LIBS (NELIBS) našla
své využití tam, kde použití konvenční LIBS je problematické, a to například při analýze
vzorků, kdy je jejich poškození nežádoucí nebo u analýzy roztoků mikrolitrových objemů
s limity detekce nižšími než ppm. Tato dizertační práce předkládá podrobný popis jevů
doprovázejících nanočásticemi zesílenou LA, založený na rozsáhlé experimentální práci
a fyzikální teorii. Na základě pochopení základních principů byly vyvinuty dvě nové apli-
kace. Nejprve, byla NELIBS použita pro detekci kovových iontů v řetězcích amyloidů,
pokročilého bio-materiálu určeného pro čištění vody. Dále byla NELIBS využita jako
nová metoda pro monitorování proteinové korony vytvořené kolem nanočástic, čímž tato
aplikace rozšířila klasické použití NELIBS za hranice prvkové analýzy.
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Preface
I started to work on my doctoral topic in September 2017 at The Central European
Institute of Technology (CEITEC). In the following year, I extended my studies to
the University of Bari (UniBa) thanks to the cotutelle contract between these two
institutes. This international collaboration gave me a unique opportunity to work
and study under the supervision of two well-known professors and researchers in
the field of LIBS; prof. Jozef Kaiser (CEITEC) and prof. Alessandro De Giacomo
(UniBa). At their laboratories, I worked mainly with LIBS set-up. Moreover, I had
access to other core facilities instruments at CEITEC. I also had the possibility to
explore the laser ablation process from the point of view of LA-ICP-MS, thanks
to the collaboration with Masaryk University and Institute of Chemical Process
Fundamentals of the ASCR.

The studies presented in this thesis are the result of this collaboration within
mentioned institutes both at national and international level. The already published
studies are listed in Section 11.3, with the specification of my contribution to each
of them. These studies are introduced in Part II and Part III, where I provide
an explanation of connection between each of them and its contribution to the
thesis topic. The main focus of Part II is to present fundamental knowledge of
signal enhancement principle in two techniques, NELIBS and NE-LA-ICP-MS. The
chapters of this part are related to the published studies as following: Chapter 4 to
Article [A3], Chapter 5 to Article [A4, A9], Chapter 6 to Article [A7], Chapter 7 to
Article [A1, A5] and Chapter 8 to Article [A6]. The following Part III is devoted
to applied research. The application which is mentioned first was developed in
collaboration with the laboratory of prof. Raffaele Mezzenga from ETH Zurich.
The results published in Article [A2] are described in Chapter 10. The second
application is discussed in Chapter 11 based on Article [A8].



Introduction
In 1960, the laser was invented. Laser light is monochromatic and can be easily
focused on a small spot, where as a result, a significant amount of energy is con-
centrated. When certain conditions are met, the material is ablated, and a bright
plasma is induced. This process is called laser ablation (LA) which is the main
focus of this thesis. In the field of analytical chemistry, the light emitted from the
induced plasma can be analyzed to determine the presence and concentration levels
of almost any element from the periodic table. This technology is known as Laser-
Induced Breakdown Spectroscopy (LIBS). Ablated material during LA condensates
and forms aerosol that can be further transported to Inductively Coupled Plasma
(ICP) to be atomized and analyzed by Optical Emission Spectrometer (OES) or by
Mass Spectrometer (MS). Thus, laser ablation-based analytical methods enable a
rapid in-situ chemical analysis directly from the sample surface without involving
the previous desolvation using toxic solutions.

Even though, both methods are well established, the laser-matter interaction
influence on the laser ablation process is not fully understood. Understanding this
interaction is fundamental in order to: efficiently couple the laser beam into a sample,
ablate a reproducible amount of mass, and control stoichiometry of ablated material.
Surface properties influence all the mentioned processes. As a result, the analysis
of two samples with identical elemental composition can result in different plasma
spectra signals or aerosol composition when surface properties or sample matrix
vary.

At the beginning of the last decade, it was shown that with the use of NPs, surface
properties could be modified advisedly in order to improve the analytical response
of LIBS [1]. Nowadays, the NPs deposition on the sample surface is used in many
applications to lower the ablation threshold and/or to improve LIBS sensitivity, i.e.,
limits of detection. This technique, called "Nanoparticle Enhanced LIBS (NELIBS)",
has found a place in many applications overcoming some typical LIBS difficulties,
such as analysis of samples where damages are undesirable [2] or analysis of micro
drops at sub-ppm level [3, 4]. Moreover, in one of our studies, we suggested that the
NPs enhanced LA (NELA) influence later stage of plasma evolution and consequent
condensation of aerosol. We showed that presence of NPs changed fractionation
index of elements and the aerosol properties in general. Thus, if it is used advisedly,
NELA can improve analytical performance of LA-ICP-MS as well [5].

The mechanism of signal enhancement has been assigned to the plasmonic in-
teractions between NPs induced by laser beam, but yet not satisfactorily explained.
The understanding of this phenomenon is fundamental in order to use the method
efficiently and adequately. Thus the primary objective of the thesis is to describe
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and explain the NPs effect on the laser ablation process.
The thesis is divided into three parts. The first part summarizes the basic knowl-

edge concerning LA and introduces used the experimental set-up and methodology.
In the second part, based on our published and unpublished studies, the rigid the-
ory is presented explaining the origin of the enhancement process during NELIBS
analysis. Moreover, the topic of the thesis is, here, extended by the feasibility study
of NELA use in LA-ICP-MS. The third part is devoted to NELIBS applications.
Firstly, based on the previously presented theory, the NELIBS experimental method-
ology is explained. This is followed by a short application review which explains in
which applications NELIBS improves LIBS analytical performance. Finally, the two
applications that were developed within my doctoral study are presented. In the
first of them, NELIBS is introduced as a technique for metallic ions quantification
in micro-liter liquid volumes with the use of a novel nanobiomaterial containing
amyloid fibrils and gold nanoparticles. The second one examines the feasibility of
NELIBS as a sensing method of nanoparticle-protein corona formation. The whole
thesis is closed with a conclusion that summarizes the results, proposes the ideas
for further experiments, and suggests future direction of the nanoparticle enhanced
techniques.
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Part I

Laser Ablation in Analytical
Chemistry
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1 Laser Ablation
Laser ablation (LA) refers to the process in which an intense burst of energy deliv-
ered by a short laser pulse is used to remove a portion of material. Laser ablation
results in the formation of gaseous vapor, luminous plasma, and the production of
fine particles. In analytical chemistry, LA is widely used as a simple, straightfor-
ward process of material sampling for elemental analysis used in the methods such
as LIBS and LA-ICP-MS/OES. Those methods gain popularity for numerous ad-
vantages. During LA, a small amount of sample, typically just a few micro-grams, is
ablated for single analysis by a high-energy pulse laser. Therefore the methods can
be considered non-destructive on the macroscopic scale. The analysis is very fast
with the possibility of spatially resolved measurements. Moreover, minimal sample
preparation is required prior to analysis with the possibility of sample analysis on
any state of matter: solid, liquid, even gas state. This brings a considerable ad-
vantage compared to the other sample elemental analysis methods that typically
involve sample desolvation in acid solution. This procedure introduces the chance
of exposure to hazardous materials, and there is a risk of contamination or losing
some components during sample preparation [6].

In LIBS, fast multi-elemental analysis, including the detection of light elements
and halogens, can be performed just by analyzing a single emission spectrum. More-
over, the quantitative analysis of the sample material can be directly derived by
modeling the laser-induced plasma, and the optical plasma emission [7, 8]. The
LIBS analysis can also be performed in-situ with remote sensing, making LIBS a
popular method in many industrial applications. The disadvantage of LIBS lies in
relatively high Limits Of Detection (LOD) in comparison, foe example, to LA-ICP-
MS. The LOD of LIBS are typically in the order of ppm that is insufficient for many
applications [9]. Therefore, modifications to increase LIBS sensitivity have been
developed, for example, Double pulse LIBS [10], resonance LIBS [11], the use of
external electric or magnetic fields [12, 13], and LIF-LIBS. Those techniques require
the use of an additional energy source or tunable lasers. Contrary, in NELIBS, the
metallic nanoparticles are simply deposited on a sample’s surface, enhancing the
plasma emission spectrum. Recently, it has been shown that NELA also influence
the aerosol properties improving LA-ICP-MS performance.

This chapter will be devoted to the description of LA, consequent induced plasma
formation, its emission and decay. We will focus on laser ablation of solid samples
in the ambient air using nanosecond laser pulse, as those parameters are used dur-
ing NELA. Thus this chapter will serve as a basic knowledge for explaining the
nanoparticle enhancement mechanism during laser ablation presented in Part II,
which creates a core of the thesis.
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1.1 Laser Ablation Process
The ablation process depends on many parameters connecting the laser and mate-
rial’s optical and thermal properties. The laser’s parameters depend on the wave-
length, pulse length, spatial energy profile, and irradiance. Those parameters are
partly defined by the type of laser. In general, the most commonly used lasers
are Nd:YAG solid-state system for LIBS or Excimer lasers, more commonly used
for LA-ICP-MS/OES. The Nd:YAG has a fundamental wavelength at 1064nm with
harmonics wavelengths at 532, 355, 266, 213 nm. In the case of the excimer laser,
the operational gas determines the wavelength. XeCl, KrF, ArF, and F2 with wave-
lengths at 308, 248, 193, and 157 nm can be selected as operational gases. Generally
speaking, a shorter wavelength means higher energy photons. For example, for the
wavelengths 1064, 532, 213, and 157 nm, the equivalent energy is 1.17, 2.33, 5.82,
and 7.90 eV. Higher energy photons break the bond more efficiently and ionize the
solid sample. Also, the absorption of a laser by material and induced plasma de-
pends on the laser’s wavelength. Depending on the wavelength, the ablation process
is usually a combination of thermal and non-thermal mechanisms. A non-thermal
mechanism occurs when the photon energy is higher than the binding energy of
atoms in the solid-state or the field created by laser radiation is high enough to
break the atomic lattice and eject the ions and atoms without heating. Even if the
laser photon energy is not high enough to break bond, a direct ionization can occur
by multiphoton ionization. On the contrary, during the thermal process, electrons
absorb the energy of laser photons, and this energy is transferred to the atomic
lattice. The sample material melts and vaporizes and finally creates vapor. The
thermal mechanism induces a strong fractionation due to the difference in latent
heat of vaporization for different chemical elements.

During a nanosecond ablation, the electron-lattice heating time is around 10−12 s,
which is much shorter than the pulse time. This causes thermal effects to dominate
the ionization process. Thus the nanosecond ablation is characterized by classical
beam-matter interaction based on melting, evaporation, and plasma formation. In
this case, the thermal model is usually used for LA description. In the thermal
model, the LA process can be divided into several phases, shown in Figure 1.1 [14].
Firstly, a high-energy laser pulse is focused on the surface of an analyzed sample
in a small spot, typically on a micrometer scale (1). This increases energy density
(fluence) and the power density (intensity) around the spotted zone. Electrons in
the substrate get excited by the laser photons and further transfer the energy to
the material through the collision with the atomic lattice. In this way, the laser’s
energy is transferred to the sample in the form of heat (2). If the sample irradiance
reaches a certain value called ablation threshold, the sample reaches melting, then
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boiling point and portion of material evaporates (3). Vaporized species from melted
spot form the dense vapor plume surrounded by the ambient environment. The
optical breakdown of solid materials is initiated by the inverse Bremsstrahlung or
multiphoton ionization, depending on the pressure/density of the vapor plume [15,
6]. Both processes are followed by the avalanche or cascade ionization of the ablated
material. The ionization of the plasma plume results from the absorption of the laser
energy by evaporated electrons and collisions with atoms in the plasma plume. This
takes place when the electrons’ kinetic energy exceeds their ionization potential.
Evaporated particles together with the surrounding atmosphere create plasma (4).
Between 1 ns and 10 ns, the plasma becomes opaque for laser radiation. Thus the
last part of the laser pulse interacts with the plasma surface and will be absorbed
or reflected depending on the laser wavelength. Hence it will not ablate much more
sample material. This effect is called plasma shielding. This shielding reduces the
ablation rate, as the radiation does not reach the sample surface, but at the same
time, it can further reheat plasma and prolong its lifetime. The rest of the laser pulse
duration re-exiting the electrons by inverse Bremsstrahlung, so the electrons reach
the temperature between tens and thousands of kelvin. The induced plasma emits
radiation which consists of discrete lines, bands, and an overlying continuum (5-
7). The discrete lines are specific for each element, as each kind of atom has some
different energy levels that determine the line’s wavelength. Thus by acquiring
plasma emission spectrum, we get a fast, full-elemental analytical method LIBS.
The laser ablation process is terminated by the creation of a crater and aerosol
formation (8). A portion of removed material from the sample that formed vapor,
solid, or liquid particles condensates in the form of aerosol that can be further used
for analysis by ICP-MS/OES.

It is important to emphasize that the analytical response of LA-based methods
depends not only on the instrumental parameter, such as laser wavelength or irradi-
ance but also on the sample properties, as they directly affect the interaction between
laser and sample. Therefore, the analysis on two samples with identical elemental
composition can result in different plasma spectra signal or aerosol composition
when surface properties or sample matrix vary [16]. Such different responses can be
attributed to differences in the laser–sample interaction, resulting from changes in
the ablation mechanism and efficiency, or to a variation in the physical plasma pa-
rameters, or a combination of both [17]. This behavior is critical in NELA, where the
NPs are used advisedly to manipulate surface properties to improve the LA-based
methods’ analytical performance.
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Fig. 1.1: LA shown in phases 1–8; LB = incoming laser beam, S = sample, H =
region of energy deposition, V = material vapor, P = plasma, E = element-specific
emission, CR = crater, PT = particles. The times shown depict the temporal
evolution after the start of irradiation of the laser pulse [14].

1.2 Laser-Induced Plasma and its Emission
Understanding the laser-induced plasma (LIP) physical properties is essential for
fundamental research in the field of LIBS, but also to provide an optimized setting
for LIBS measurements. Description of LIP is not trivial due to the fast-changing
of its parameters during expansion. At the moment of ablation, the plasma is
very dense with the density of species close to the solid-state. This creates very high
pressure at the beginning of plasma life. Thus the plasma expands with a supersonic
velocity around 106 cm/s, compressing the surrounding environment and generating
an external shockwave. The expansion of plasma continues until the moment in
which the plasma pressure decreases to the value of the air pressure external to the
shock wave wall. At that moment, the expansion slows down, and the plasma is
confined in the micro-environment limited by the shockwave wall [18], see Figure
1.2. During the expansion, plasma rapidly changes its properties, such as density,
pressure, temperature, and volume. As a result, a various hierarchy of elementary
mechanisms occurs in plasma following this change of its properties.

Various techniques have been developed to study rapidly changing plasma mor-
phology and its spatial-temporal evolution, such as laser scattering for investigating
particles, the shadowgraph for studying background environment, or tomography to
obtain 3D plasma images. However, the most valuable information can be obtained
with high temporally and high resolved optical emission spectroscopy. The feathers
of the spectra give us information about the nature of the atoms in the plasma as
well as the main plasma characteristics and parameters, such as electron density
and temperature.
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Fig. 1.2: Schematic illustration of some measuring parameters and the emitted
spectrum; LB = incident laser beam, S = sample, BW = beam waist, 𝐼 𝑖

𝜆𝐿
(𝑡) =

irradiance of the incident laser beam, 𝐼𝑟
𝜆𝐿

(𝑡) = reflected laser irradiance, 𝐼𝑠
𝜆𝐿

(𝑡) =
scattered laser irradiance, 𝑝𝑔 = ambient gas pressure, Δ𝑠 = beam waist position, 𝑗
= emission line of an analyte, 𝑟 = emission line of a reference line, 𝑡𝑑𝑒𝑙𝑎𝑦 = delay
time between the laser pulse and the start of the integration window to record the
spectrum, 𝑡𝑖𝑛𝑡 = width of the integration window[14].

In Figure 1.3, we can see the temporal evolution of plasma emission spectra. Each
emission spectra reflects the atom’s nature and plasma parameters in the different
temporal windows. Thus by observing and analyzing those spectra give us infor-
mation about the LIP dynamic. In the initial situation, where the plasma density
is very close to the solid, the emission spectrum contains only continuum radiation
without any emission lines. At around 250 ns, the electron density decreases due to
plasma expansion, and discreet emission lines appear. Those first lines are usually
the resonance lines from the neutrals with low energy levels. With passing time, the
exited levels start to contribute with its emission to the spectrum as well. These
radiative processes are still less frequent than electron collisions. In this moment,
the balance in the elementary processes can be considered locally established and
the distributions for all species can be described by Maxwell, Boltzmann, and Saha
distributions. The LIP is considered to be in the state called "Local Thermodynamic
Equilibrium (LTE)". As LIP continues to cool down due to expansion and recombi-
nation and becomes low-density plasma, passes from LTE to the partial equilibrium.
After several microseconds, as plasma further cools down, the atoms of the ablated
mater recombine with the surrounding gas environment to form molecules.

Two main phases can be distinguished during the expansion, as LIP changes
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Fig. 1.3: Temporal evolution of plasma emission spectra. Each spectrum was ac-
quired with gate width of 100 ns.
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Fig. 1.4: A schematic illustration of basic mechanism occurring in LIP: (A)
Bremsstrahlung direct/inverse (B) excitation and de-excitation by electron im-
pact (C) absorption/emission (D) ionization/three-body recombination (E) photo-
ionization/radiative recombination.

its character from ionizing to recombining. LIP has an ionizing character during
the first tens of nanoseconds when many electrons with low energy are produced,
gaining the energy by impact with any particles. After 100 ns, the ionization de-
gree strongly increases, and the species reach the ionization maximum. The plasma
starts to expand and consequently cool down and gains recombination character.
Lots of atoms and species are in their excited states due to recombination. They
emit a cascade of photons due to spontaneous emission, so the emission spectrum
contains characteristic emission lines. Firstly, the ionic emission lines appear fol-
lowing the neutral emission lines. During further cooling due to recombination, the
number of electrons decreases quickly, and molecules accumulate in the shockwave
wall confining the plasma. Thus the collision between heavy particles becomes more
frequent, and the emission passes from atomic lines to the molecular.

The properties of the emission spectrum are defined by the mechanism occurring
in LIP. The most important of them are illustrated in Figure 1.4. One of the most
essential mechanism occurring in LIP is inverse Bremsstrahlung:

𝐴+ + 𝑒−
(𝐸1) +𝑀 ⇐⇒ 𝐴+ + 𝑒−

(𝐸2) +𝑀 + ℎ𝜈(𝐸1−𝐸2). (1.1)

By this mechanics, the electrons in plasma gain the energy from the laser and reach
high kinetic energy, and as a result, the LIP reaches a very high temperature.
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At the first several microsecond, LIP has high electron density in order 1017 - 1018

cm−3 and high temperature in order of 104 Kelvin [18]. At those conditions, LIP can
be considered an atomic plasma. In this time interval, the dominant processes are
driven by electron impacts, such as elastic collisions between electrons and inelastic
collisions between electrons and heavy particles (atoms and ions). Although radia-
tive processes occur, their contribution is negligible at this stage of plasma life. If we
consider the ideal plasma obeying Maxwell-Boltzmann statistics we can distinguish
the following mechanism (Figure 1.4B-E):

(i) Excitation and de-excitation due to inelastic collision between electron and
heavy particle:

𝐴𝑙 + 𝑒−
(𝐸𝑒− ) ⇐⇒ 𝐴𝑢 + 𝑒−

(𝐸𝑒− −𝐸𝑢+𝐸𝑙), (1.2)

(ii) Spontaneous absorption and emission:

𝐴𝑙 + ℎ𝜈(𝐸𝑢−𝐸𝑙) ⇐⇒ 𝐴𝑢, (1.3)

(iii) Ionization and three-body recombination process:

𝐴𝑙 + 𝑒−
(𝐸𝑒− ) ⇐⇒ 𝐴+ + 𝑒−

(𝐸𝑒− −𝐸
′
𝑒− −𝐸𝑖𝑜𝑛+𝐸𝑙)

+ 𝑒−
(𝐸′

𝑒− ), (1.4)

(iv) Photo-ionization and radiative recombination process:

𝐴𝑙 + ℎ𝜈(𝐸𝑒− −𝐸𝑙) ⇐⇒ 𝐴+ + 𝑒−
(𝐸𝑒− −𝐸𝑖𝑜𝑛+𝐸𝑙), (1.5)

where 𝑒− and 𝐴 are electrons and heavy particles (atoms or ions) respectively and
the subscripts 𝑙 and 𝑢 indicate the lower energy level and the upper energy level.

It has been reported that the electron energy distribution function follows a
Maxwellian distribution for most of the LIP duration [18]. This means that the
balance is established between the two processes: i) inelastic collisions between the
fast electrons and the heavy particles, leading to heavy particle excitation, and ii)
the converse process of superelastic collisions, where slow electrons gain energy from
collisions with excited heavy particles leading to de-excitation of the latter one, see
the Equation 1.2. Under this condition, all heavy particles belong to a Boltzmann
distribution with the same temperature as the electron energy distribution func-
tion following Maxwell distribution, so the system fulfills LTE conditions. Further,
the charge of heavy particles is alerted by electron collisions, which are induced
by two mechanisms: i) electron impact ionization and three-body recombination in
equation 1.4, and ii) photo-ionization and radiative recombination in the Equation
1.5. Ionization and three-body recombination always prevail over photo-ionization
and radiative recombination. However, radiative recombination plays an essential
role during the laser pulse and at the beginning of the expansion, when it is re-
sponsible for continuum radiation. It is the only way the LIP emits the radiation
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when there are no exited levels because of high density effects. Later, the particle
de-excitation occurs by spontaneous emission (equation 1.3).Considering the second
low of thermodynamic, LIP entropy grows Δ𝑆 > 0 with the expansion, so LIP al-
ways emits radiation. Therefore real LIP never completely fulfills LTE conditions
[19]. However, system of the heavy particle loses much less energy by radiative de-
cay compared to the energy exchanged due to collisions. Thus, the LTE condition
assumption can be held, and the distribution of species in LIP can be described by
the Boltzmann distribution. Than, the population of the emitting level is related to
the total concentration through the Boltzmann distribution with relation:

𝑁𝑢 = 𝑔𝑢𝑁0

𝑍(𝑇 ) exp
(︂

− 𝐸𝑢

𝑘𝑇𝑒𝑥

)︂
, (1.6)

where 𝑁0 is the population density of the emitter, 𝑔𝑢 is the upper level degeneration,
𝑍(𝑇 ) is the partition function, 𝐸𝑢 is the upper energy level, 𝑘 is the Boltzmann
constant, and 𝑇𝑒𝑥 is the excitation temperature.

The intensity is proportional to the population of exited level:

𝐼𝑢𝑙 = 1
4𝜋𝐴𝑢𝑙𝑁𝑢ℎ𝜈𝑢𝑙𝐺, (1.7)

where 𝐴𝑢𝑙 is the Einstein spontaneous emission coefficient, ℎ is the Planck constant,
𝜈𝑢𝑙 is the frequency of emission between the upper and lower level, 𝑁𝑢 is the popu-
lation density of the upper level, and 𝐺 is an instrumental factor depending on the
probing volume and instrumental efficiency.

By the combination of the equations 1.6 and 1.7 in the logarithmic form, we
obtain the equation for calculation of LIP temperature called Boltzmann plot:

ln 𝐼𝑢𝑙4𝜋
𝐴𝑢𝑙ℎ𝜈𝑢𝑙𝑔𝑢

= ln 𝑁0𝐺

𝑍(𝑇 ) − 𝐸𝑢

𝑘𝑇𝑒𝑥

(1.8)

When the Boltzmann plot is built for a set of emission lines with different upper
levels as a function of energy, by the inverse of the slope ( −1

𝑘𝑇𝑒𝑥
) we obtain the

temperature directly. Moreover, by the intercept, we can get information about
the total number of emitting species, and with this data, we can also calculate the
species’ energy in the Boltzmann distribution. Moreover, an LTE assumption can be
validated from Boltzmann plot linearity, as the population of energy levels followed
the Boltzmann distribution. Thus by observing spontaneous emission, although it is
a non-equilibrium effect, it is possible to validate the LTE condition and, moreover
to measure all the LIP quantitative that are the subject of an investigation.
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1.3 Plasma Decay and Aerosol Condensation
As the species of LIP cool down, they condensate into an aerosol. Thus the aerosol
particle carries the information about sample composition, and they are used for
further analyses in LA-ICP-MS systems. The process of condensation is consid-
ered to be the main process of particle formation and mass transfer between gas
and particulate phase in aerosols [20]. Two types of condensation processes can be
distinguished: homogeneous and heterogeneous condensation (nucleation). During
homogeneous condensation, new particles are formed without the presence of any
initial condensation sites (nuclei) only from a supersaturated vapor (multiples of sat-
uration ratio). This process is energetically very demanding and requires reaching a
critical saturation ratio of the vapor. After a stable cluster is formed, the process of
condensation of the vapors on the cluster causes the growth of newly formed parti-
cles. In order to initiate the process of heterogeneous condensation, the condensation
nuclei (small particles or ions) and supersaturated vapor are required. In the case
of heterogeneous condensation, the required level of supersaturation of the vapor is
much lower (only a few percent) than in the case of homogeneous condensation.

In the case of laser ablation, primary nanoparticles are formed in laser-induced
vapor plume during the cooling stage. Critical diameter of the newly formed particles
and consequent growth process are functions of the cooling rate of the vapor plume.
The condensation region is situated close to the boundary between the ambient gas
and the vapor plume. The main condensation process occurs when the temperature
of the vapor plume is lower than the boiling temperature of the sample material.
After generating primary particles by homogeneous nucleation, the particles start
to grow by condensation of the vapor on the surface of primary particles and by
the coagulation process. The processes of coagulation and particle growth diminish
when the temperature of the vapor plume drops below the melting temperature of
the sample material [21]. This process drives only the formation of aerosol particles
smaller than 100 nm due to the rapid cooling rate of the expanding material, which
is known to go beyond values of 1010 K/s [22]. However, the SEM image of typical
aerosol created during LA reveals the presence of particles considerably larger than
100 nm 1.5. Coexisting processes that can form such particles are, for example
coalescence or aggregation of already solidified particles or phase explosion due to
high irradiance, which produces both smaller and larger particles because it frees a
mixture of vapor and droplets.

The size distribution of aerosol particles has a negative influence on the accuracy
of LA-ICP-MS analysis. Large particles are less efficiently transported through the
tubing system, as articles larger than 5 µm can rarely be transported to ICP. Even
if the large particles are transported to the ICP, they are not fully atomized. It
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Fig. 1.5: The SEM image of aerosol captured on filter after LA of aluminum alloy
standard with laser fluence of 3 J cm−2.

has been reported that particles larger than 0.5-1 µm cannot be fully digested by
ICP and analyzed by MS. The size distribution of aerosol particles is the result of
different production mechanisms. Thus also the composition enormously varies for
different sizes of particles. It has been shown that the elements are not uniformly
distributed within different particle size fractions [23]. For example, enrichment of
Cu, Zn, Ag, Tl, Pb, and Bi was observed in the aerosol particle fraction bellow 125
nm in comparison to larger particles during the analysis of a glass standard sample.

Considering the heterogeneity mentioned above and the size structure of aerosols
emerging from the LA process, indispensable pre-conditions for accurate analyses
are (i) a representative aerosol composition, (ii) high transport efficiencies, and (iii)
a complete decomposition of particles that reach the ICP. For the purpose of rep-
resentative sampling, the size of aerosol particles can be controlled by changing the
laser energy, fluence, wavelength, and carrier gas type. Moreover, as we have dis-
cussed previously, the sample surface properties directly affect the LA process. Thus
the understanding of how the sample surface influence the laser ablation process is
essential for data interpretation. Moreover, the surface properties can be manipu-
lated by suitable treatment in order to obtain better aerosol quality. We have used
this fact in our studies [5, 24, 16], which will be discussed in detail within Part II.
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2 Instrumentation and Experimental Set-up
The main aim of this thesis is to observe and explain the influence of NPs deposition
on laser ablation and consequently on plasma emission enhancement. Thanks to the
collaborations with different research groups, I got the opportunity to explore laser
ablation with several techniques, see Figure 2.1. As discussed previously, induced
plasma emission gives us complex information about plasma parameters and sample
elemental composition. Therefore, the core of the thesis’s experimental part is fo-
cused on analyzing plasma emission with the technique LIBS. Further information
is obtained by analysis of aerosol in LA-ICP-MS and other techniques measuring
aerosol properties. Moreover, supporting techniques such as scanning electron mi-
croscopy (SEM), 3D optical microscope and grinding machine is used for samples
preparation and 3D optical microscope for sample characterization or, for example,
crater analysis.

It is essential to always take in mind that each analytical method has its in-
accuracy. Many parameters can negatively influence the analytical performance of
the method based on LA: matrix effects, self-absorption in plasma (LIBS), loss of
aerosol due to particle size, fractionation, and incomplete particle digestion in ICP
(LA-ICP-MS). Because every sample is different, a proper method of analysis has
to be established to avoid negative influences for every specific measurement. From
this point of view, the use of several techniques gives us a more accurate image of the
observed phenomenon, which is instrumental for building fundamental description.

Fig. 2.1: Sketch of the main techniques used during the work on the thesis topic.
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After the first step of NPs deposition optimization, a huge number of experi-
ment was performed to optimize the measurement and finally to understand the
phenomenon behind NPs enhancement. Just a part of experimental result is pre-
sented in this thesis in order to clearly describe the enhancement phenomenon and
to support theoretical description.

2.1 LIBS
A typical LIBS system can be divided into i) ablation and ii) detection units. The
ablation unit consists of a laser and focusing optics that guide a laser pulse onto
the sample surface. The detection unit contains collection optics, including optical
fibers, and a spectrometer equipped with a detector.

Fig. 2.2: LIBS experimental set-up.

The majority of LIBS experiments were performed with experimental set-up con-
taining Nd:YAG laser, QuantelQ-smart 850, with a pulse duration of 6 ns operating
at 1064 or 532 (used only in Chapter 10) nm with energies up to 850 mJ/pulse, see
Figure 2.2. The spectrometer used was a Czerny-Turner (JY Triax 550) coupled
with an ICCD (JY 3000) which was synchronized with the laser source by a pulse
generator (Stanford DG 535) for performing emission spectroscopy of the plasma.

The laser energy delivered to the sample surface was optimized prior to each ex-
periment to achieve high and reproducible enhancement. Meanwhile, the optimiza-
tion process also relieved the effect of fluence variation on NELIBS enhancement.
The laser energy variation was carried out mainly by different flashlamp-Pockel cell
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delays. The delay was set in the temporal range of 0-150 µs, where the laser pulse’s
characteristics are negligibly affected. In this way, the laser energy can be decreased
to 0.07 J. To obtain lower energies in the case of the measurements of the breakdown
threshold, the initial energy of the laser was reduced by reflecting a part of the beam
with mirror in a range from 0.011 to 0.110 J.

The sample was placed perpendicularly to the laser beam, a 50 mm focal length
lens, employed to focus the laser beam, was placed on a micrometric stage enabling
to change the laser spot size on the sample in a range from 0.6 mm up to 2.25
mm. The spot size is an experimental parameter that has to be carefully chosen to
obtain reasonable enhancement. During the experimental work, we found that the
enhancement is observed for bigger spot sizes than usually used in LIBS. The origin
of this phenomenon lies in the physical principle of NELIBS enhancement, which
will be discussed later.

After ablation, the emission light of induced plasma was focused by a triplet of
quartz lens or NIKON objective (4x magnificence, working distance of 17.2 mm)
to the monochromator. The NIKON objective allows the focalization on the slit of
a smaller plasma image than that obtained with the triplet of biconvex lens, but
greatly reduces the light arriving on the monochromator. Moreover, the transmission
of objective decreases significantly in the UV part of spectra, see Figure 2.3. Thus
the focusing optic has been chosen with respect to the used spectral window and
requirements to the plasma image size.

The extra attention was given to the enlargement of plasma image size during
NELIBS. Ideally, all the plasma emissions should be analyzed to calculate the exact
value of plasma emission enhancement. However, the part of plasma emission does
not enter into the detection unit during a real experiment. The portion of plasma
emission that is not analyzed is more significant in the case of NELIBS due to the en-
larged size of NELIBS plasma. For this reason, the value of NELIBS enhancement
is always underestimated. The importance of this issue has been demonstrated,
during the experiment, where two collection systems simultaneously measured the
LIBS and NELIBS plasma emissions: i) the plasma image was guided by optical
fiber into Eschelle spectrometer with an entrance aperture of 40 µm; ii) the plasma
image was focused directly into apertures slit (100 µm) of Czerny-Turner spectrom-
eter. The enhancement value was dramatically reduced in the first case as only a
small portion of plasma emission entered the spectrometer and was analyzed. For
this reason, the plasma image was focused directly on monochromator slit aperture
(system ii) during the majority of performed experiments. In several experiments,
the slit aperture has been reduced in order to reduce signal in NELIBS and thus to
avoid signal saturation. So, the linear quantum efficiency of the detector was held
during LIBS and NELIBS.
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Fig. 2.3: Transmission as a function of wavelength for (A) NIKON objective and
(B) quartz lens.

The detector gate width and the delay were set accordingly to the experiment.
For the temporal experiment, the detector gate width was set at 100 ns and various
delays, up to 5 µs, to cover the plasma lifetime evolution. Integrated measurements
were performed in usual LIBS conditions, with delay times of 1 µs and a gate width
of 5 µs. The choice of the temporal window directly influences the value of observed
emission enhancement. As we will see later in Chapter 6, only the observation
of the temporal experiment relieved the influence of NPs size on plasma emission
signal. Therefore, the temporal window was always chosen carefully according to
experimental requirements.

LIBS and NELIBS spectra were acquired by employing a single laser shot. The
experiments consisted of firing several laser pre-shots, the last used to acquire the
LIBS signal. Afterward, the drop of NPs colloidal solution was deposited on the
formed crater and dried in ambient air. The single shot was fired on the crater
with the dried drop, and NELIBS spectra were acquired, see Figure 2.4. Each
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Fig. 2.4: Image of typical procedure of NPs deposition for NELIBS analysis. It is
usually suggested to clean the surface of the sample with several pre-shots. The
drop of colloidal NPs is deposited on the created crater and dried in the ambient
environment. All the dried NPs are ablated by single shot and as a result the
enhanced emission lines are detected.

Fig. 2.5: Comparison of LIBS and NELIBS spectra obtained after analysis of tita-
nium sample. The graphs below show the Voigt Fit of emission line. The intensity
is calculated as an area under the Voigt curve.

experiment was repeated at least four times, always holding the same conditions on
a fresh sample surface by moving the sample with a micrometric stage.

Acquired spectra were analyzed with programs Origin-pro and Matlab. The
intensities of detected spectra lines were extracted from the peak area with a Voigt
fitting process, see Figure 2.5. The enhancement of NELIBS was defined as a ratio
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between line emission intensities during NELIBS (𝐼𝑁𝐸𝐿𝐼𝐵𝑆), and LIBS (𝐼𝐿𝐼𝐵𝑆):

𝐸𝑁 = 𝐼𝑁𝐸𝐿𝐼𝐵𝑆

𝐼𝐿𝐼𝐵𝑆

. (2.1)

The common problem connected to the NPs deposition is lowered reproducibility
of NELIBS measurement. As an example, the average of 15 replicas and calculated
standard deviation is printed in Figure 2.6. This relatively high experimental error
was always taken into account before making the conclusion of experimental results.
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Fig. 2.6: Average enhancement of 15 measurements with different NPs sizes and
calculated standard deviation of various emission lines.

If not specified differently, the experimental setup and methods were held for the
experiments presented in this thesis. Further experiments and their parameters can
also be found in the corresponding publications.
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2.2 LA-ICP-MS
LA-ICP-MS systems are commercial instruments with a basic layout consisted of
a pulsed laser source, beam delivery optics, an air-tight sampling cell, an aerosol
transport line, and an ICP-MS detector. During our experiments, published in Ref.
[5, 24, 16], three different ablation systems were used:

i) a New Wave UP 213 system (New Wave Research, Fremont, CA) equipped
with a frequency quintupled pulsed Nd:YAG laser emitting a wavelength of 213 nm
at a pulse duration of 4.2 ns fwhm with a flat-top beam profile and a helium-flushed
xyz movable supercell. The ablation spot was set to 100 µm diameter (Section 7.1.

ii) a LSX-213 G2+ laser ablation device (Teledyne Cetac Technologies, USA).
The LA system operates at a wavelength of 213 nm with a pulse duration of 4 ns
using helium as a carrier gas with a 2-volume ablation cell (HelEx) (Section 7.2).

iii) an excimer laser ablation system Analyte G2 (Photo Machines Inc., WA,
USA) with laser operating at a wavelength of 193 nm with a pulse duration of 4
ns, using a 2-volume ablation cell (HelEx, Photon Machines Inc., WA, USA). The
ablation spot was set to 110 µm diameter (Chapter 8).

The i) ablation system was combined with an Agilent 7500ce (Agilent Tech-
nologies, United States) ICP mass spectrometer with a quadrupole analyzer and an
octopole reaction cell. This instrument was operated at the forwarded power of 1500
W, Ar gas flow rates of 15 (outer plasma gas) and 0.7 (auxiliary) L min−1, He carrier
flow rate of 1.0 L min−1, and Ar makeup gas flow rate of 0.6 L min−1. The ablated
material was transported through a polyurethane tube (i.d. 4 mm, length 1 m) to
the ICPMS system. For minor elements (isotopes 208Pb, 63Cu, 26Mg, and 57Fe), the
dwell time per isotope was adjusted to 0.1 s and for major elements (isotopes 27Al
and 107Ag or 197Au) to 0.01 s. The total length of one cycle was then 0.246 s.

ii) and iii) ablation systems were combined with an ICP-MS Agilent 7900 (Agilent
Technologies, Japan) with a quadrupole analyzer and an octopole reaction cell to
attenuate polyatomic interferences. This instrument was operated at the forwarded
power of 1500 W, with Ar gas flow rates of 15 (outer plasma gas) and 0.7 (auxiliary),
He carrier of 0.65 and Ar make-up gas of 0.6 l min−1. The ablated material was
transported through a FEP (Fluorinated Ethylene Propylene) tubing (i.d. 2 mm,
length 1 m) to ICP-MS. The fluences were: 1, 3, 5, 10 and 13 J cm−2. The following
isotopes were monitored during the LA-ICP-MS measurement, the dwell time is
given in parentheses is seconds for each isotope:

- in Section 7.2: 27Al (0.005) for the matrix element, 57Fe (0.05), 63Cu (0.05),
26Mg (0.05), and 208Pb (0.05) and 197Au (0.05) representing nanoparticleswith a
total integration time of 0.225 s.

- in Chapter 8: 24Mg (0.1), 27Al (0.05), 29Si (0.05), 43Ca (0.1), 47Ti (0.05), 51V
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(0.05), 52Cr (0.05), 55Mn (0.05), 57Fe (0.1), 60Ni (0.05), 63Cu (0.05), 66Zn (0.05), 71Ga
(0.1), 90Zr (0.05), 118Sn (0.05), 208Pb (0.05), 209Bi (0.05) with a total integration time
of 1.1 s.

For each experiment, the ablation speed and repetition rate was set to be all
measured element analyzed at each ablation spot. This implies that each shot
irradiates a fresh surface, acting as a single-shot measurement.

Spatial care was devoted to the sample preparation and NPs deposition. The use
drop was dried on carefully polished and cleaned sample. The dried spot diameter
was around 3 mm. The analysis was than performed by a single shots mapping all
the area of drop. The NPs enhanced analytical response was obtained as a average of
cps coming from the drop area. The enhancement was calculated as a ratio between
the average signal from drop and signal from bare sample surface.

During the experiment analyzing properties of aerosol (Section 7.2), the aerosol
generated by laser ablation of non-overlapping spots was alternately sampled into
either an ICP-MS instrument or aerosol spectrometers in two arrangements (see
Figure 2.7): classical set-up LA-ICP-MS or LA – Engine Exhaust Particle Sizer
(EEPS) + Condensation Particle Counter (CPC) as described below. The separate
sampling into the set of aerosol spectrometers and ICP-MS was selected to avoid
unwanted negative effects of common sampling in many instruments at the same
time. The reproducibility of results was verified by repeated experiments resulting
in similar results obtained by ICP-MS and aerosol spectrometers. Moreover, in order
to minimize the effects of changing conditions within one droplet containing Au
nanoparticles, the sampling into aerosol spectrometers and ICP-MS was performed
in the alternating pattern of odd (aerosol spectrometers) and even (ICP-MS) lines
of one drop.

The change of the sampling method between ICP MS and aerosol spectrometers
was carried out after measuring all fluences of the respective nanoparticle size for
the respective sampling method. The results of measurements of both ICP-MS
and aerosol spectrometers were averaged over 30 s – the duration of one cycle over
the droplet. Each cycle was repeated 3 times (one cycle = one droplet). The
averaging over the whole scan and the repetition of the experiment should minimize
the influence of the possible inhomogeneous distribution of NPs on the sample caused
by the coffee stain effect and corresponded to the mapping of almost the entire
surface of the droplet. The resulting data consisted of the elemental composition
obtained from ICP-MS supplemented by the total particle number concentration
(CPC) and particle size distribution of nanoparticles <560 nm (EEPS) from identical
NP drops under the same LA setup. For a detailed scheme of the performed line
scans on a droplet see Figure 2.8.
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Fig. 2.7: Measurement setup: A) LA-ICP-MS, B) LA with CPC and EEPS.

Fig. 2.8: An overview SEM image of the layout of line scans on a droplet after laser
ablation.
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The size distribution of aerosol particles and the total number concentration was
measured in the following setup: the flow of the carrier gas with aerosol particles
produced by LA was first led through a bipolar aerosol neutralizer (85Kr, 10 mCi)
in order to prevent excessive losses of particles due to the electrostatic deposition
on the sampling lines and in order to ensure a correct charge distribution for the
aerosol spectrometers. After neutralization, the aerosol was diluted with HEPA
(High-Efficiency Particulate Air) filtered air to lower the high aerosol concentration
and to maintain a sufficient flow into the aerosol spectrometers. The diluted aerosol
was then split using an isokinetic flow splitter in order to ensure representative
aerosol sampling into used aerosol spectrometers.

The setup of aerosol spectrometers (see Figure 2.7) contained a CPC (CPC 3775,
TSI) and EEPS (EEPS 3090, TSI). The CPC was used to count the total number of
particles >4 nm (𝑑50 = 4 nm) with a high time resolution (1 s). The EEPS allows
for fast measurements (0.1 s) of the particle number size distribution in the range
of 5.6–560 nm resolved in 32 size channels. The individual aerosol spectrometers
require specific gas flows as shown in Figure 2.7. Aerosol dilution was performed
with air cleaned through a HEPA filter.

2.3 Supporting Instruments
SEM with EDX: Images of the surfaces/particles were made by a scanning electron
microscope (SEM) MIRA3 (Tescan, Czech Republic). If not specified otherwise, all
samples were measured using secondary emission mode (in-beam detector) at 15
kV, and a depth regime and working distance of 7 mm. Elemental analysis was
provided by Energy-dispersive X-ray spectroscopy (EDX), with a working distance
of 15 mm, visualized with a Back-scattered Electron (BSE) detector and a 50 mm
SDD detector (Oxford Instruments, UK). Data were evaluated using Aztec software
ver. 3.1 (Oxford Instruments, UK). Compare to secondary electrons (SEs), the
BSEs reveals additional information about sample material composition, see Figure
2.9. Heavy elements (high atomic number) backscatter electrons more strongly than
light elements (low atomic number), and thus appear brighter in the image. BSEs
were used to detect contrast between areas with different chemical compositions. In
the propose of this thesis, the SEM images were used mainly for visualizing ablation
craters and aerosol particles. The laser-generated aerosol particles were collected on
a polycarbonate membrane filter (25 mm in diameter and 0.2 µm pores, Cyclopore,
Whatman). The collection of the particles was performed at least for 20 minutes to
obtain a sufficient amount of particles. The obtained filters with aerosol particles
were coated with a 10 nm silver layer to prevent sample charging by an electron
beam.
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Fig. 2.9: N = nucleus, SE = secondary electrons, BSE = Back-scattered Electron

TEM: Transmission electron microscopy (TEM) was performed with an FEI
Tecnai Spirit 12 (Hillsboro, OR, USA) instrument (high tension: 120 kV; filament:
LaB6), by dropping NP suspensions on a Formvar®-coated Cu grid (300 mesh, Agar
Scientific, Stansted, UK). The microscope was calibrated by using the S106 Cross
Grating (2160 lines/mm, 3.05 mm) supplied by Agar Scientific. Alignments and
astigmatism correction were carried out following factory settings and fast Fourier
transform processing, respectively. TEM images processing was performed manually
through the ImageJ® (version: Java 1.8.0_172) free software. The instrument was
used in Chapter 11, to monitor the formation of NPs after process of drying.

Grinding machine: Sample polishing or roughening was performed by an au-
tomatic, microprocessor-controlled machine Tegramin 30 (Struers, Germany) using
different silicon carbide papers (from #80 up to #2000) or 3 µm and 1 µm diamond
pastes. This instrument allowed to create an optimal program for specific samples
with the aim to avoid i) the unwanted changes in the alloy surface microstructure,
i.e., to suppress any kind of a phase transformation, to minimize the probability
of intermetallic phase particles pull out, and to neglect the mechanical deforma-
tion provided by the contact force between sample and grinding media, and ii) the
foreign particles introduction onto the specimen’s surface, i.e., to minimize wear of
the sandpaper(s) and release of the grinding media. To ensure fulfillment of ii),
the samples can be after each 5 min sequence removed from the grinding/polishing
machine, washed with acetone in an ultrasonic cleaner, and dried by compressed air.
This procedure was used in experiments disused in Chapters 7 and 8.
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Fig. 2.10: The photography of aluminum samples with various surface roughness.

Fig. 2.11: An example of roughened sample surface profile measurement, obtained
data were treated and the surface roughness was calculated in Brunker’s program.

3D optical microscope: ContourGT-X 3D (Bruker, USA) non-contact optical
surface profiler contains tip/tilt head, a self-calibrating laser reference, integrated
pattern recognition, and a host of other proprietary interferometry innovations to
deliver extremely accurate surface metrology with high throughput. The system’s
automation-ready configuration enables rapid optimization in almost any produc-
tion environment with features ranging from an air table stabilizer kit for enhanced
X, Y, Z wafer placement accuracy. The stage supports multiple-point data collection
with stitching capability, which was important for large-area analyses and statistics
of measurements, see Figure 2.11. Thus the instrument is highly suitable for analysis
of craters profiles and roughness measurements.
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Dust treck: The DustTrak™ DrX Aerosol Monitor (TSI, USA) is a light-
scattering laser photometer that provides real-time mass concentration readings for
aerosols in the range of 0.1-15 µm. It allows for measurements of size-segregated
mass fractions. It utilizes a real-time 90° light-scattering signal from the passing
particles in order to separate the particles into size fractions and to estimate their
mass. The original inlet from the DustTrak DrX was removed, and the pump was
disconnected so that the DustTrak was suitable for LA-ICP-MS purposes. The
sampling line leading from LA was directly connected to the DustTrak DrX. The
flow rate was different from the original DustTrak flow, but since only Total PM
concentration was taken into account, the results should be within calibration limits.
The instrument was used in Chapter 8.

2.4 Materials and Methods
In NELIBS, the sample preparation includes the NP deposition, usually done from
colloidal solution. This process introduces new experimental parameters and sources
of error. The deposition quality strongly influences the NELIBS performance. More-
over, the experiments of fundamental studies should always be performed at iden-
tical conditions, so their results do not lead us to wrong conclusions. Therefore,
the sample preparation and the optimization of NPs deposition were crucial steps
prior to experimental work. Sample preparation and NPs deposition were improved
with understanding the origin of enhancement described in the following part, and
the summary of preparation rules concerning theoretical background is presented in
Chapter 9.1. Here, the methodology of sample preparation will be presented without
profound explanation.

The majority of the fundamental experiments, focused on explaining NPs en-
hancement, were performed on conductive samples, as the measured enhancement
of insulators was less evident. In our experiments with NE-LA-ICP-MS, no NPs
enhancement of cps was detected on ceramic glaze and NIST 610. In the case of
NELIBS, the NPs deposited on non-conductive samples mainly reduce the destruc-
tivity during analysis and improve the signal of transparent samples. Thus in this
thesis, the non-conductive materials covered with the NPs will be presented only
as used as a substrate for liquid solutions analysis, see Chapter 10. The rest of the
presented experimental results were performed on conductive samples.

The fundamental experiments of NELIBS were performed on pure metallic sam-
ples: titanium (Ti, 99.995% pure, 2.00" diameter x 0.250" thick, ± 0.010" all, K.J.
Lesker) or aluminum (Al, 99.999% pure, 2.00" diameter x 0.250" thick, ± 0.010" all,
K.J. Lesker). The second group of conductive samples was formed by alloys and
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brasses with matrix elements in combination with minor and trace elements. The
micro-structures of those samples were visualized to understand the possible signal
fluctuation during the measurement originating from the sample matrix. Figure 2.12
shows the microstructure of three model samples. Although the elemental distribu-
tion of selected materials is globally homogenous, their microstructure is strongly
different. Aluminum alloy AW 2030 contains irregularly distributed clusters of minor
elements. On the contrary, Aluminum alloy BAM 311 and Brass MBH are formed
by globally homogenous dendritic structures created during the unidirectional solid-
ification process. Additionally, the elemental distribution in the microstructure of
BAM 311 was explored with EDX, see Figure 2.13. Due to different melting points
and solidification ratios of elements, the dendrites are enriched with Cu, Bi, and Pb.
The dendritic structures are globally homogeneously distributed; thus, the laser spot
size utilized during experiments (>100 µm) affects a sufficiently large area to mini-
mize signal fluctuation due to diverse sample composition. Therefore the aluminum
alloy BAM 311 was utilized in experiments instead of previously used AW 2030 with
a less homogeneous distribution of elements.

Fig. 2.12: Micro-structure of (A) Aluminum alloy AW 2030 (B) Aluminum alloy
BAM 311 (C) brass MBH

Fig. 2.13: EDX map of elemental distribution in aluminum alloy BAM 311.
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The preparation of sample surface for analysis was different for NELIBS and NE-
LA-ICP-MS. In NELIBS, the sample surface was manually polished by the sandy
paper, carefully cleaned with the soap, and rinsed several times with milliQ water in
an ultrasonic cleaner. Moreover, the prepared sample surface was pre-cleaned with
several pre-shots before analysis. This ensured that no external contaminants were
introduced to the measurement.

In the case of NE-LA-ICP-MS, the drop size is much larger than the spot size, so
laser pre-cleaning could not be performed. Therefore, the surface preparation was
carried out by professional grinding machine Tegramin 30 (Struers, Germany) with
a program customized to each sample. Moreover, the samples during the grinding
process were each 5 minutes removed from the machine and washed with acetone in
ultrasonic cleaner to ensure that any foreign particles are introduced to the sample
surface.

A huge variety of NPs was used during our experiments. The commercial NPs
gold and silver with diameter 10-100 nm in sodium citrate, 2 mM, were employed in
experiments where it was important to have clearly defined NPs size and properties.
The NPs prepared by pulsed laser ablation in liquid (PLAL) were utilized in the rest
of the experiments. The protocol can be found in reference [25]. The preparation
by PLAL enables the choice of the capping agent and to easily control impurities.
The NPs in colloidal solutions were characterized by the surface plasmon resonance
spectra (SPR), see Figure 2.14. The SPR spectra were obtained by SPR absorption
spectroscopy using an Ocean Optics (USB2000 + XR) spectrometer with a light
source (Mini Deuterium Halogen Light Source DT-Mini-2-GS). SPR spectrum was
used to determine the NPs size and NPs size distribution, as the wavelength at the
maximum of absorbance is directly linked to the NPs size, and the band broadening
is linked to the NPs size distribution. With the SPR spectrum is also possible to
control the state of aggregation of the NPs. The shoulder in the red zone of the
absorbance band appears when the NP aggregates are presented in the solution.
The calculation of NPs size from SPR was confirmed by TEM.

The drop of colloidal solution containing NPs was deposited on the sample sur-
face with the micro-pipette to achieve the NPs enhancement, see Figure 2.15. With
adequate manual dexterity, this process of NPs deposition is straightforward. The
deposited drop was then dried in ambient air prior to analysis. After drying, the
NPs on the sample surface create diverse arrangements. As we will see later, the
distance between particles is a very crucial parameter defining the enhancement.
In our experiments, an average distance between particles was estimated from the
NPs surface concentration, which was calculated as the ratio between the number
of NPs deposited in each drop and dried drop size (NPs cm−2). In this very rough
estimation, NPs are considered equally distributed on a sample surface.
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Fig. 2.14: Spherical AuNPs absorption spectra of colloidal solutions with different
AuNPs size.

Fig. 2.15: Drop deposition of NPs colloidal solution with the use of micro-pipette
on ablation crater induced by laser beam on sample surface. Due to difference in
hydrophobicity between crater and untreated sample surface, the drop fits exactly
to the crater size.
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However, in reality, NPs are not distributed homogeneously through the drop,
creating the so-called "coffee ring". Moreover, the organization of NPs arrangements
is influenced by many factors, such as capping agent (Figure 2.16) and sample surface
properties (Figure 2.17A and B). It is visible that the use of citrate as a capping agent
improves the homogeneity of NPs distribution compared to NPs in water. Therefore,
NPs in citrate buffer were used in the majority of the fundamental experiments. In
part devoted to the applications, the protein role in NPs self-organization and their
influence enhancement were further explored, see Chapters 10 and 11.

Fig. 2.16: Distribution of silver isotope 107Ag representing Ag NPs in the dryed
drop. The colloidal solution of NPs contained different capping agents: citrate (on
left), water (on right).

During the work on the thesis, the other ways of drying and deposition were
exterminated to improve deposition reproducibility and homogeneity. For example,
after drop deposition on the sample surface, the liquid solution was dried up by the
process of freeze-drying in instrument Lyophilizator or Freeze Dryer, Christ Epsilon
2-10D LSCplus. With the use of this process, the coffee ring formation was reduced,
see Figure 2.17B and C. The improvement in NPs distribution was confirmed by the
detection of Ag isotope in the LA-ICP-MS system, see Figure 2.18.

Another alternative approach to the NPs deposition was the deposition of a thin
layer of silver by sputter coating. The used sputtered have a thickness range of
10–30 nm; see an example at Figure 2.19. It was observed that a homogeneous
nanolayer did not enhance the analytical signal. After pre-ablation by a single shot,
the layer creates an Ag nano-island. After analysis of second shot, minor enhance-
ment appeared; however, it was negligible compared to enhancement induced by
NPs deposited from a drop of colloidal solution. To obtain better results, further
optimization would be necessary.
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Fig. 2.17: SEM image of died drop of NPs colloidal solution on left detail of the
drop center, on the right of the drop border (A) drop dried freely in the ambient
air on aluminium alloy (B) drop dried freely in the ambient air on silicon wafer (C)
freeze dried drop on silicon wafer.

Although those alternative methods can introduce some improvement in the NPs
distribution on the sample surface, their optimization is very complex and time-
consuming. Moreover, it must be done for each kind of material separately, and it
is also influenced by the experimental parameters.

From this point of view, the classical droplet deposition is a more straightforward
approach and therefore was utilized for the experimental work. The result presented
in this thesis were obtained with colloidal drop deposition dried in ambient air unless
the different deposition methodology is specified in the text.

32



Fig. 2.18: Comparison of gold intensity (coming from NPs) for half of drop dried
freely in the ambient air (on left) and freeze dried drop (on the right).

Fig. 2.19: Figure of the ablation crater induced by single shot of (A) bare surface
(B) surface coated with 30 nm Ag layer.
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Part II

Nanoparticle Enhanced Laser
Ablation
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Nanoparticle Enhanced Laser Ablation
At the beginning of the last decade, modulation of laser-matter interaction by de-
position of nanostructure has been proposed for increasing the sensitivity of LIBS,
and a method called Nanoparticle Enhanced LIBS (NELIBS) was born [26]. Since
then, NELIBS has become a well-explored method showing considerable advantages
in comparison with other approaches improving LIBS sensitivity [27]. For example,
comparing NELIBS to DP-LIBS, a commonly used sensitivity enhancing method,
no modification of the LIBS experimental set-up is needed in NELIBS, see Figure
2.20. To achieve enhancement during a NELIBS analysis, the NPs are simply de-
posited in advance on the sample surface from a colloidal solution and dried in an
ambient environment. This simple approach has the potential to overcome issues
of classic LIBS in many applications. The possibility of micro drop analysis with
sensitivity at sub-ppm level or non-destructive analysis of gemstones can serve as
examples [3, 2, 4].

Fig. 2.20: Diagram showing the effect of NPs presence on plasma emission spectrum
and structure of condensated aerosol.

Here, it is important to emphasize that similarly to SERS, NELIBS should be
regarded as a technique suitable just for a specific kind of applications and not as
a universal solution to sensitivity enhancement. Understanding the fundamental
principles is instrumental in deciding when and how to use the NELIBS approach in
a favorable way. Despite this fact, we can find many studies in the literature devoted
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to NELIBS applications but relatively few devoted to the fundamental studies. The
reported results of sensitivity enhancement vary from units to orders of magnitude.
This inconsistency is primarily a result of various experimental conditions used in
NELIBS experiments. To overcome this drawback and to use the NELIBS approach
properly, it is essential to understand the phenomenon responsible for the sensitivity
enhancement. This was the primary motivation of Ph.D. studies, which topic has
been focused on building the rigid theory explaining the origin of enhancement
process during NELIBS analysis. Therefore the core of this chapter will be devoted
to the detailed description of the events accompanying NELA and the role of NPs
during each phase of LA. To achieve these goals, the systematic theoretical and
experimental studies were performed.

In the previous chapter, we have seen how the experimental condition and set-up
influence the LA process and consequently plasma emission. The parameters con-
nected to the properties of the laser, such as wavelength, spot size, or irradiance,
can be easily alert in the process of finding the optimal experimental condition.
Moreover, by their systematic variations, their effect on plasma properties can be
observed and described. On the contrary, in the case of surface properties influ-
ence, as it is our case, the situation is less clear. Finding the correlation between
surface properties and plasma emission is a challenging task. The direct effect is
visible just in the first nanoseconds of plasma life when the plasma does not emit
a characteristic emission line, and the only continuum radiation can be detected.
Moreover, the sensitivity of the detection does not usually allow the use of a very
short gate width for short delays. Therefore, during the study of NPs’ effect on
plasma induction in the first ns of ablation, we have built the theoretical model
based on the NPs plasmonic interaction. This model was then used for the ex-
planation of later phenomenon occurring during NELA that were experimentally
measured. Many systematic experiments were performed to observe and identify
the effect of NPs on NELA, such as the evolution of plasma emission after 100-200
ns and line enhancement, differences in electron temperature and density, and crater
topography measurement. Based on the results of the theoretical model and exper-
imental observations, the complex theory describing fundamental processes in NPs
enhanced laser ablation has been developed. However, the presented thesis is mainly
focused on plasma emission spectrum enhancement used in LIBS. As an extension,
the feasibility of NELA use is also explored during LA-ICP-MS analysis.
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3 Metallic Nanoparticles in Electromangetic
Field

To briefly introduce the field of plasmonics, the most intuitive idea of plasmons in the
metallic NPs will be presented based on electron density displacement in the particle
by an applied driving field, which in the case of laser ablation is the electromagnetic
field of the laser pulse. During the NELIBS analysis, the laser, monochromatic
electromagnetic wave, goes over the NPs and induces a variable electromagnetic
field on the sample surface. This electromagnetic field drives the electrons inside
the NP, and, as a result, they start to move through the NPs to one side, leaving
behind a positive charge on the other side. This sets up a restoring force between
negatively charged electrons and positively charged ion cores in the NP’ lattice. With
the increasing electron density on one side of the particle, the restoring force starts
being so strong that, at one moment, the negative charge releases, and electrons
begin to oscillate between the sides of the NP with a specific frequency, like a mass
on the spring. If the frequency of the incident light (in our case laser) matches this
frequency of the particle, all free electrons in the particle start oscillating. These
collective oscillations of the electrons inside the particle are known as a localized
surface plasmon (LSP) and their natural frequency as plasmon frequency. The
plasmon frequency depends on the shape of the NP, which determines how the
charge accumulates at different surface positions, and on the electron density, which
defines the amount of the accumulating charge. The high electron densities in noble
metals, such as silver and gold, lead to plasmon resonance at optical and near-optical
frequencies. When the LSP is excited, the strong field around the NP is induced
as a result of the changing electron density, and surface charge [28]. By contrast,
the electric field is reduced inside the NP, compared with the external field, because
of the screening by conduction electrons in metal [28]. If the NPs with the exited
LSP get close, their LSP will interact together via Coulomb interaction between
the surface charges. This behavior leads to the creation of a new LSP with shifted
plasmon frequency and can further enhance the local electromagnetic field. The
shift in plasmon frequency and enhancement of the local electromagnetic field has
a crucial role in explaining NELIBS enhancement.

To quantitatively describe the NPs plasmonic interactions, we have to first im-
merse in the field of plasmonics, which connects the physics of electromagnetism
with the physics of solid-state. In the following pages, the essential components
necessary for the description of plasmons will be presented. To do so, Maxwell’s
equations, representing the physics of electromagnetism, will be connected with the
model of the optical properties of matter, describing the physics of solid-state. In
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this way, the nature of the plasmon will be revealed for the bulk material. Con-
sequently, with the restriction of the bulk dimension, we derive localized surface
plasmons and a description of the interaction between laser and single metallic NP.
Afterward, the plasmonic coupling will be explained in the case of two close NPs,
called "dimer". The derived results will be used for the creation of a more complex
model describing the interaction of laser with NPs clusters in the following chapter
4.

3.1 Basic of Electrodynamics
To derive the description of the interaction between light and NPs, we have to start
with the solution of Maxwell’s equations that connect electric field, magnetic field,
and light:

Gauss’ Law: ∇ · �⃗� = 𝜌, (3.1a)
Gauss’ Law (�⃗� Fields): ∇ · �⃗� = 0, (3.1b)

Faraday’s Law: ∇ × �⃗� = −𝜕�⃗�

𝜕𝑡
, (3.1c)

Ampere’s Law: ∇ × �⃗� = 𝐽 + 𝜕�⃗�

𝜕𝑡
, (3.1d)

where 𝜌 is the free charge density and 𝐽 is the free current density. Those equations
describe how electric and magnetic fields are generated by charges, currents, and
changes of the fields. The displacement field, �⃗�, responds to free charges, and it is
related to the total electric field �⃗� with constitutive relation. For isotropic material,
the constitutive relation takes the following form:

�⃗� = 𝜀0𝜀�⃗�, (3.2)

where 𝜀0 is electric permittivity of vacuum1 and 𝜀 is known as the dielectric constant.
Similarly, the magnetic induction �⃗� is connected to the magnetic field �⃗� with the
constitutive relation:

�⃗� = 𝜇0𝜇�⃗�, (3.3)

where 𝜇0 is magnetic permeability of vacuum2 and 𝜇 stands for magnetic permeabil-
ity. At the optical frequencies, where all the natural materials are non magnetic,
the 𝜇 = 1.

If we consider Maxwell’s equations 3.1 in the space with no free charges or
currents, 𝜌 and 𝐽 will be equal to zero. Then the first two equations describe

1𝜀0 ≈ 8.854 × 10−12 F/m
2𝜇0 ≈ 1.257 × 10−6 H/m
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just the vector fields of electric and magnetic fields, and the second describes how
electric and magnetic fields induce each other. By applying those equations to the
one-dimensional wave equation, the planes wave are generated consisting of electric
and magnetic fields:

∇2�⃗� = 𝜇0𝜀0
𝜕2�⃗�

𝜕2𝑡
, (3.4)

where (√𝜇0𝜀0)−1 is speed of light in vacuum 𝑐. At any boundary, the wave equation
has to fulfill boundary condition: i) the components of �⃗� and �⃗� normal to the
interface must be continuous, ii) the components of �⃗� and �⃗� tangential to the
interface must be continuous. Any solution of wave equation 3.4 can be obtained as
a superposition of monochromatic plane waves:

�⃗� = ℜ[�⃗�(𝜔) exp(𝑖𝑘 · �⃗� − 𝜔𝑡)]. (3.5)

From this solution, the dispersion relation directly withstands connecting wavevector
�⃗� and the frequency 𝜔:

�⃗�2 = 𝜇0𝜀0𝜀𝜔
2 = 𝜀𝜔2

𝑐2 . (3.6)

The dispersion relation gives us many information about how the wave will behavior
in the surrounding medium and on the interfaces. If 𝜀 > 0, the transverse electro-
magnetic wave will propagate with the phase velocity 𝑐/𝜀1/2. If 𝜀 < 0, wave will be
evanescent. On the interface, the wave will propagate to the medium, if 𝜀𝑚𝑒𝑑 > 0
and it will be reflected by medium, if 𝜀𝑚𝑒𝑑 < 0.

Until now, 𝜀 we have been expressed as a constant, meaning that the material re-
sponse to the applied wave would occur immediately. However, for all real material,
this response is time-dependent. To obtain time finite field displacement response
to the applied electric field, the solution of Maxwell’s equations can be expressed as
a superposition of monochromatic waves �⃗� and 𝜀(𝜔) with the assumption that 𝜀 is
a function of the frequency 𝜔:

�⃗�(𝜔) = 𝜀0𝜀(𝜔)�⃗�(𝜔). (3.7)

Thus the material optical response is described by a frequency depended dielectric
function 𝜀(𝜔). Therefore, it is a dielectric function of noble metals that is respon-
sible for their unique plasmonic response. In the following paragraphs, the model
describing the dielectric function of metal will be presented in order to derive a
quantitative description of NPs plasmonic properties.
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3.2 Plasmon and the Dielectric Function of Metals
The dielectric function describing the dielectric response of the metal will be derived
by the simple model called the Drude model [29]. The electrons in the metal lattice
are modeled as a gas of free, non-interacting electrons in this model. Relaxations
of the electrons occur only due to their collisions with the lattice. Thus those free
electrons can be thought of as a set of harmonic oscillators dumped just by their
collision with positive cores. Thus in the Drude model, the motion of free-electron
gas can be expressed by a classical equation of motion from Newton’s second low.
This equation describes the movement of an electron with charge -e and mass 𝑚 in
electromagnetic field described by electric intensity �⃗�, oscillating around equilibrium
position due to force equal to −𝑒�⃗� and dumped by collisions with frequency 𝛾:

𝑚⃗̈𝑥+𝑚𝛾⃗̇𝑥 = −𝑒�⃗�, (3.8)

where �⃗� expresses displacement of the electron relative to the fixed background of
lattice positive cores. In this equation, �⃗� is the total electric field, including any
external field and the internal field generated by electron motion.

Consequently, one-dimensional electron motion can be defined by the direction
of the harmonically oscillating driving field with frequency 𝜔: �⃗�(𝑡) = 𝐸0𝑒

− i 𝜔𝑡.
Than the solution of the equation of motion for one electron can be written as:
�⃗�(𝑡) = 𝑥0𝑒

− i 𝜔𝑡, where 𝑥0 is complex amplitude. This gives us:

�⃗�(𝑡) = 𝑒

𝑚(𝜔2 + i 𝛾𝜔)�⃗�(𝑡). (3.9)

The displacement of the electrons by a distance �⃗� induces polarization 𝑃 :

𝑃 = −𝑛𝑒�⃗�. (3.10)

where the polarization vector is defined as a sum of induced dipoles on the volume
of metal with electron density 𝑛 and elementary charge 𝑒, thus the polarization can
be express as a function of displacement �⃗� from the equilibrium position.

The dielectric function further connects the polarization and field displacement
𝜀 as the equation 3.2 can be expressed as:

�⃗� = 𝜀0𝜀�⃗� = 𝜀0�⃗� + 𝑃 , (3.11)

where 𝜀(𝜔) includes any dielectric response other than the polarization 𝑃 from
conductive electrons. By combining equation 3.9 and (3.10) we obtain:

𝑃 = − 𝑛𝑒2

𝑚(𝜔2 + i 𝛾𝜔)�⃗�. (3.12)
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than the equation 3.11 we can be written as:

�⃗� = 𝜀0(1 −
𝜔2

p

𝜔2 + i 𝛾𝜔 )�⃗�. (3.13)

Thus we get the following to the complex dielectric function of free-electron gas in
metal:

𝜀 = 1 −
𝜔2

p

𝜔2 + i 𝛾𝜔 . (3.14)

where 𝜔p the bulk plasmon frequency of electron gas:

𝜔p =
√︃
𝑛𝑒2

𝜀0𝑚
. (3.15)

To understand the optical properties we further explore the function 𝜀(𝜔). For
simplicity we neglect contribution of collision dumping 𝛾 = 0. Then, we get the
dielectric function of the undamped free-electron plasma:

𝜀(𝜔) = 1 −
𝜔2

p

𝜔2 . (3.16)

Graph of the equation 3.16 is printed in Figure 3.1. We can see that the optical
response is strongly dependent on frequency 𝜔. For 𝜔 < 𝜔p metals retain their
metallic character. They are highly reflective, and the propagation of the electro-
magnetic wave is not supported inside them. For 𝜔 > 𝜔p obtain dielectric character
as free electrons in the metal support transverse wave propagation. In case 𝜔 = 𝜔p,
𝜀(𝜔) = 0, the excitation of electrons gas correspond to the longitudinal modes.
Therefore with plasmon frequency, 𝜔p, conductive electron gas collectively oscillates
longitudinally versus the fixed positive background of positive cores. 𝜔p is recognized
as the natural frequency of free oscillations of the electron gas, and the quanta of
those oscillations are called bulk plasmons. Because bulk plasmons are longitudinal
waves, they cannot be excited directly by light, a transverse electromagnetic wave.

At the interface between bulk metal and dielectric material, different kinds of
plasmons can exist. Those plasmons are called surface plasmons. They are strongly
localized at the surface, as they propagate in the form of an evanescent wave parallel
to the surface and decay exponentially in the perpendicular direction from the inter-
face. The surface plasmon, similarly to bulk plasmons, cannot couple directly with
incoming light. The excitation of surface plasmon by light can be done with the use
of grating or a high-refractive index prism. The other way to directly coupling light
with the material is to restrict the bulk size further. The surface can be rolled up
into the wire, where the plasmons propagate just along the axial direction of the
wire. They are quantized into the discrete modes in the transversal direction, so
they can directly couple with incoming light. For the metallic NPs, the size is re-
stricted in all directions, so the plasmons are localized into discrete plasmon modes,
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Fig. 3.1: Dielectric function 𝜀(𝜔) of a free electron gas as afunction of unit plasma
frequency 𝜔𝑝. Electromagnetic wave propagate, when 𝜀 is positive and it is reflected
by the medium, when 𝜀 is negative.

and this system can easily interact with the electromagnetic field induced by the
incoming light.

3.3 Localized Surface Plasmons in Nanoparticles
Here, the localized surface plasmons (LSP) will be presented for metallic NPs with
the diameter varying between 10 and 100 nm, as they are the typical NPs used in
NELA. In this size range, the presence of the surface dimensionality, and shape of a
metal nanostructure play a critical role in defining optical response, but atomic-scale
details do not matter. The dimension below 100 nm is smaller than the typical skin
depth of metals, and the lower size restriction of the 10 nm is enough to NPs optical
response can be described by Maxwell’s equations and classical dielectric function.
Thus, if the previously presented classical model based on Maxwell’s equations is
subjected to appropriate boundary conditions, the optical response of spherical NPs
can be described using straightforward analytical expressions called quasi-static ap-
proximation [29]. Moreover, with the restriction of NPs size, the electromagnetic
field can be considered homogeneously distributed along the particle, as their di-
mension is much smaller than the wavelength of an initial electromagnetic wave.
Thus the spatial retardation of the electromagnetic field over the size of the NP can
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Fig. 3.2: Sketch of NP presented as a homogeneous, isotropic sphere of radius 𝑎
(A) located in an electric field (B).

be neglected. So the incident plane wave can be approximated by constant field, in
which NP behaves as a dipole.

In this approximation, we describe spherical NP as a homogeneous, isotropic
sphere of radius 𝑎 located at the origin in a uniform, static electric field �⃗� = 𝐸0�⃗�,
Figure 3.2. In the basic approach, the surrounding medium can be assumed as
isotropic and non-absorbing with dielectric constant 𝜀𝑜𝑢𝑡. The dielectric function
further describes the dielectric response of the sphere 𝜀𝑖𝑛(𝜔), which will be for the
moment taken as a simple, complex number 𝜀𝑖𝑛 [29].

In the static electromagnetic field, the potential 𝜙 can be taken as a solution of
Laplace equation ∇2𝜙 = 0, so the final electromagnetic field 𝐸 can be calculated as
�⃗� = −∇𝜙. Thanks to azimuthal symmetry, the general solution can be easily for-
mulated in a Legendre polynomials base. With the requirement that the potentials
remain finite in origin, the solution can be divided into 𝜙𝑖𝑛 inside 𝑟 ≤ 𝑎:

𝜙𝑖𝑛(𝑟, 𝜃) =
∞∑︁

𝑙=1
𝐴𝑙𝑟

𝑙𝑃𝑙(cos(𝜃)), (3.17)

and 𝜙𝑜𝑢𝑡 outside sphere 𝑟 ≥ 𝑎:

𝜙𝑜𝑢𝑡(𝑟, 𝜃) =
∞∑︁

𝑙=1
𝐵𝑙𝑟

−(𝑙+1)𝑃𝑙(cos(𝜃)) − 𝐸𝑟 cos(𝜃), (3.18)

where 𝑙 is the order of the Legendre polynomials and 𝜃 is the angle between the
position vector 𝑟 at point 𝑃 and the z-axis, see Figure 3.2. With the use of the
boundary condition and with the requirement that the normal components of 𝐷 are
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continuous, we get:

𝑙 = 0 : 𝐴0 = 𝐵0 = 0, (3.19a)

𝑙 = 1 : 𝐴1 = −3𝜀𝑜𝑢𝑡𝐸

𝜀𝑖𝑛 + 2𝜀𝑜𝑢𝑡

, 𝐵1 = 𝜀𝑖𝑛 − 𝜀𝑜𝑢𝑡𝐸𝑎
3

𝜀𝑖𝑛 + 2𝜀𝑜𝑢𝑡

, (3.19b)

𝑙 > 1 : −𝜀𝑜𝑢𝑡

𝜀𝑖𝑛

𝑙 + 1
𝑙

= 1, 𝐴𝑙 = 𝐵𝑙

𝑎2𝑙+1 . (3.19c)

There is no constant (𝑙 = 0) term, as such a term would represent a net charge on
the particle. For 𝑙 = 1, there is a response at each frequency, provided there is a
driving field to excite the particle. However, when ℜ[𝜀𝑖𝑛 + 2𝜀𝑜𝑢𝑡] = 0, 𝐴1 and 𝐵1

take on large values. In the absence of damping (i.e., for ℑ[𝜀𝑖𝑛] = ℑ[𝜀𝑜𝑢𝑡] = 0),
the coefficients become singular, indicating that a mode exists that is excited for
arbitrarily small driving fields. This mode is called Localized Surface Plasmon (LSP)
and the resonance condition ℜ[𝜀𝑖𝑛 + 2𝜀𝑜𝑢𝑡] = 0 is named Fröhlich condition. For
𝑙 > 1, the response is independent of 𝐸, indicating that higher order modes cannot
be excited by a constant field. This way demonstrates that metal nanoparticles acts
like a dipole. In quasistatic approximation, the potential of the dipole with dipole
moment 𝜇 pointing along 𝑧 is 𝜙𝑖𝑛 = 𝜇𝑧/𝜀𝑜𝑢𝑡𝑟

3. Comparing with 𝜙𝑜𝑢𝑡, we obtain:

𝛼 = 4𝜋𝑎3 𝜀𝑖𝑛 − 𝜀𝑜𝑢𝑡

𝜀𝑖𝑛 + 2𝜀𝑜𝑢𝑡

, (3.20)

where 𝛼 ≡ 𝜇/𝐸 is the portability of the particle and 𝜇 is a dipole moment induced
on NP by the applied field of the magnitude proportional to 𝐸0:

𝜇 = 𝜀0𝜀𝑜𝑢𝑡𝛼𝐸0, (3.21)

Moreover, when the Frohlich condition is met, the near-field absorption and the
scattering of metal NPs are resonantly enhanced [Maier]. Inside the NP the field is
constant, but it is reduced by screening factor of conductive electrons. We obtain
quantitative express of the electromagnetic field inside 𝐸𝑖𝑛 as following:

𝐸𝑖𝑛 = 𝐹𝑆𝐸0 = 3𝜀𝑜𝑢𝑡

𝜀𝑖𝑛 + 𝜀𝑜𝑢𝑡

𝐸0, (3.22)

and for the field outside 𝐸𝑜𝑢𝑡 NP, as:

𝐸𝑜𝑢𝑡 = 𝐸0 + 𝜇

2𝜋𝜀𝑜𝑢𝑡𝜀0𝑎3 , (3.23)

where 𝐸0 is an incident electromagnetic field, 𝐹𝑆 is the screening factor of conduction
electrons.
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3.4 Coupled Plasmons of Adjacent Nanoparticles
Until now, we have considered just a single particle in the electromagnetic field.
However, for the purpose of NELA enhancement mechanism explanation, it is crucial
to understand the interaction of NPs in assembly. Coupling between LSP occurs
when the NPs distance is to the extent of the evanescent field at the NPs surface.
This coupling leads to the creation of new plasmon modes with shifted plasmon
frequency and further enhancement of the local electromagnetic field. For two closely
spaced NPs (dimer), the field localizes due to the suppression of the scattering into
far-field via excitation of LSP along NPs, mediated by near-field coupling. This
strong near-field coupling develops a large charge dipole across the gap between the
particles, where, as a consequence, the local field is much larger than the sum of
the local fields that the isolated particles would produce. This intensive local field
is called a “hot spot” (figure 3.3A). The enhancement of the field in the hot spot
𝐸𝑁𝑒𝑚is described by the following equation:

𝐸𝑁𝑒𝑚 = 1 + 𝜇′

2𝜋𝜀𝑜𝑢𝑡𝜀0𝐷3𝐸0
, (3.24)

where 𝐸0 is the electromagnetic field induced on the NP system, 𝐷 is the interparticle
distance and 𝜇′ is the dipole moment of the NP system calculated by the following
equation:

𝜇′ = 𝜀0𝜀𝑜𝑢𝑡𝛼
′𝐸0, (3.25)

where 𝛼′ is the polarizability given by:

𝛼′ = 2𝜋𝑟3
𝑁𝑃 (𝜀𝑖𝑛 − 𝜀𝑜𝑢𝑡)

𝜀𝑖𝑛[4 − (2𝑎)3

𝐷3 ] + 𝜀𝑜𝑢𝑡[8 − (2𝑎)3

𝐷3 ]
, (3.26)

where 𝜀𝑖𝑛 is metal permittivity and 𝑎 is the radius of the NP. Equation 3.24 tells
us that the electromagnetic field enhancement increases with charge density and
reduces with the cube of the interparticle distance 𝐷.

To further investigate the correlation of field enhancement and plasma emission
enhancement, we have printed the results of equation 3.24 in Figure 3.3B. The calcu-
lated field enhancement (dashed line) is in good agreement with the experimentally
observed data of NELIBS enhancement (solid circles) until the too strong field is
produced in-between the NPs. While, in the approximation presented, the field en-
hancement asymptotically tends to infinity at the NPs distance close to zero, strong
losses appear in the experimentally obtained data. Those strong losses are the re-
sult of tunneling effects, and equation 3.24 needs extra correction [31]. To account
for the tunnel effect, we correct the electromagnetic field enhancement with the fol-
lowing equations, in order to take into account that the efficiency of the plasmonic
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Fig. 3.3: (A) Field enhancement of a single particle and dimer, the area of strong
enhancement (red zone) is called hotspot. [30] (B) NELIBS signal enhancement
(see Eq.3.24) of Ti I at 365.45 nm as a function of interparticle distance with 20
nm AgNPs deposited on a titanium sample, laser fluence: 13 J cm−2, acquisition
time: 5 µs, delay: 200 ns, gate width: 1.2 µs. Experimentally observed NELIBS
enhancement (full circles); theoretical field enhancement as calculated from Eq.3.24
with (empty squares) and without (dashed lines) correction for tunnel effect.

resonance decreases when electrons are emitted:

𝐸𝑁
′

𝑒𝑚 = (1 − 𝑃 (𝐷))𝐸𝑁𝑒𝑚, (3.27)

where 𝐸𝑁 ′
𝑒𝑚 is the corrected electromagnetic field enhancement and 𝑃 (𝐷) is the

probability of electron tunneling as a function of inter-particle distance 𝐷 given by
following equation:

𝑃 (𝐷) =
(︃

1 + exp(2𝑟𝐾) − exp(−2𝑟𝐾)
16(𝐸𝑁𝑒𝑚/𝑉 )(1 − 𝐸𝑁𝑒𝑚/𝑉 )

)︃−1

, (3.28)

where
𝐾 = 2𝑚𝑉

ℎ/2𝜋

(︂
1 − 𝐸𝑁𝑒𝑚

𝑉

)︂1/2
, (3.29)

where ℎ is the Planck constant and 𝑉 is the potential of the barrier. The curve
corrected by the tunneling effect (open squares) is then in agreement with the ex-
perimental data obtained for the NELIBS enhancement. This explains why further
enhancement is not observed when a certain minimal interparticle NP distance is
reached. From this point of view, the concentration of NPs deposited on the
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Fig. 3.4: Nanoparticle dimer coupling treated as a dipole coupling in configuration
(A) side by side (B) end to end.

sample surface is one of the most crucial parameters defining NELIBS
enhancement as it is directly correlated to the average particle distance.
Moreover, the final distance between the NPs is also affected by the organization of
the NPs on the sample surface. The enhancement is, therefore, dependent on the
NP concentration and the sample surface properties. To conclude, there is not
a specific concentration of NPs that can be universally used for every
experiment, but a suitable concentration must be found for each sample
and experimental condition.

The second phenomenon connected to the plasmon coupling of close NPs is the
shift in plasmon frequency. Let us consider a pair of the NPs, whose plasmon modes
interact with each other. This pair of small spherical NPs can be treated as two
dipoles. Each of the dipoles creates an external field, and thus, the coupled plasmon
mode is shifted to lower or higher frequencies, depending on the configuration of
the dipoles (Figure 3.4). When the dipoles are organized in an “End to end” con-
figuration, the field initiated by the particles is in the phase of polarization, so the
second particle responds in phase with the driving field of the first particle. This
in-phase interaction occurs at frequencies lower than the plasmon frequency of a
single particle, so the mode of coupled particles is shifted to lower frequencies. In a
“Side by side” configuration, the polarization is out of phase, resulting in a redshift,
so the frequency of the interaction is higher than the single-particle mode.

47



Fig. 3.5: Nanoparticle dimer coupling (A) Bright mode (B) Dark mode.

For quantitative description, several models were developed describing resonance
shift due to dimer interaction [28, 32]. For example, a Plasmon hybridization model
where the LSP are described as dipoles and their interactions is treated by the
analogy between plasmon coupling and hybridization of atomic orbitals in molecules
[33, 34]. In the same way in which individual atomic orbitals in a diatomic molecule
hybridize to form bonding and antibonding states, individual plasmon resonances
in NPs couple to form higher energy and lower energy collective modes. The lower
frequency mode of end-to-end configuration corresponds to the dipole coupling in
the phase, and it is called "bright plasmon mode" (Figure 3.5A). For the higher
frequency, the dipoles are out of phase. This mode is cannot be exited by incident
light and thus is called "dark mode" (Figure 3.5B).
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4 Modeling of Laser-NPs coupling by Vari-
ational Method

In the previous chapter, the optical response of the NPs has been described for sin-
gle NP and dimer. This allowed us to understand how NPs plasmonic interactions
can modify the electromagnetic field. However, to fully understand the enhance-
ment mechanism, this description needs to be widened for more complex plasmonics
systems that are presented on the sample surface during NELA.

Fig. 4.1: SEM image of aluminum alloy surface with detail images of dried drop
that contained 5 µl colloidal solution of 100 nm NPs.

As it was mentioned previously, the NPs are deposited on the sample surface
from colloidal solution in the form of drops freely dried in ambient environment 2.4.
One can easily assume that after this process, there are plenty of various NP orga-
nizations. Some NPs stay single; others are surrounded close to each other building
a 2D, in some cases even 3D, structure, see figure 4.1. This variety of NPs ar-
rangements is diversely distributed through the drop, creating a so-called coffee ring
effect. The properties of a coffee ring depend on the hydrophobicity of the solution
and the material contact angle. Because of this, it is challenging to predict how the
NPs deposition will end up, and, in general, with a different value of probability, all
the structures can exist on the sample surface after NPs deposition from colloidal
solution. When multiple plasmon resonances of this metal-nanoparticle system are
excited simultaneously, the total response is due to the superposition of the fields
produced by each resonance. Interference among these fields can lead to a total
response that is very different from the response of the individual resonances acting

49



alone. This complexity of the system highly complicates the description of laser-
NPs interaction during NELA. The classical determination of plasmon frequency,
if possible, becomes complicated and highly time-consuming. Therefore, we have
developed the model that allows fast and relatively simple calculation of plasmon
frequency of those more complex arrangements just with the knowledge of the plas-
mon frequency of single NP and dimer, the systems well described in the literature.
Thus this chapter will be a slightly modified version of our publication where this
model is introduced: "A Quantum Chemistry Approach Based on the The analogy
with 𝜋-System in Polymers for a Rapid Estimation of the Resonance Wavelength of
Nanoparticle Systems " published in the journal of Nanomaterials [31].

In our study, we have proposed a quantum mechanics approach, called the
Hückel’s Variational Method (VM) [35], inspired by the analogy between NP sys-
tems and the molecular orbital theory, which was initially proposed by Nordlander
al. in the hybridization model [34, 33], for rapid and simple estimation of energy
and the resonance wavelength in the NPs chain and cluster systems. This approach
requires input data that has been already reported in the literature, i.e., the en-
ergy shift of simple systems such as dimers or single NPs on the surface [36, 37].
They enable us to obtain information on more complex NPs systems without having
to resort to time-consuming calculations. Apart from self-consistent methodologies
[38] for multiple metal NPs where the random phase approximation in the secular
determinants is also used to estimate the surface plasmon resonant energies that, in
turn, depend on the nanoparticle spacing, this approach requires the energy shift of
simple systems as initial input data, such as dimers and single NPs on the surface
that has already been reported in literature [36, 37]. These input data of the en-
ergy, which contains the dependence on the nanoparticle distance and surrounding
medium, enable us to obtain information on more complex NPs systems without
having to resort to time-consuming calculations. Beyond the practical result, i.e.,
the determination of the resonance energy shift, the investigation of the NPs sys-
tem with the VM provides an insight of the analogies and differences between NPs
plasmon and the 𝜋-molecular orbital.

The Variational Method is the most widely used approach for calculating energy
and 𝜋-orbitals in molecular chemistry, such as Hückel theory. The best wavefunction
Ψ representing the system of elements and consisting in a linear combination of
the wavefunction representing every single element is the one that minimizes the
expectation value of the energy. In this frame, a function of the energy depending
on the weight coefficients of the linear combination is obtained. The minimum value
of this function 𝐸 = 𝑓(𝑐1, 𝑐2, 𝑐3, ...𝑐𝑛) is greater than or equal to the exact value of
the energy. In this light, finding the minimum of this function with respect to
the weight coefficients allows the determination of the closest value to the exact
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energy of the system [35]. In this case, as suggested in Reference [39], the collective
character of the plasmon is described in terms of the linear combination of single-
particle excitations and, therefore, a time-dependent model can be bypassed in the
approximation with the use of empirical input data. Although the same method
can be applied to other physical quantities, in this instance, we will apply it for the
energy of the system, considering that we are focused on the determination of the
resonance wavelength, that is linked to the energy by the relation 𝐸 = ℎ𝑐/𝜆, where
𝐸 = 𝜔 is the energy of the plasmonic system.

Let us consider a general wavefunction of a linear system of 𝑛 equally sized and
spaced NPs given by the following linear combination:

𝜓𝑘 = 𝑐1𝜙1 + 𝑐2𝜙2 + 𝑐3𝜙3 + ...+ 𝑐𝑛𝜙𝑛, (4.1)

where 𝜑 is the wavefunction associated with the dipole oscillation of an excited
individual NP.

If we use 𝑛 different basis for the linear combination, 𝑛 different wavefunctions
will be obtained, with each one describing a different mode. In this case, we will
consider only longitudinal modes, restricting our attention to those modes which are
susceptible when the incident radiation is perpendicular to the NPs cluster.

The expectation value of the energy is given from the following equation, where
�̂� is the Hamiltonian operator:

𝜔 =
∫︀

𝜏 𝜓�̂�𝜓𝑑𝜏∫︀
𝜏 𝜓𝜓𝑑𝜏

=
∫︀

𝜏 (𝑐1𝜙1 + 𝑐2𝜙2 + ...+ 𝑐𝑛𝜙𝑛)�̂�(𝑐1𝜙1 + 𝑐2𝜙2 + ...+ 𝑐𝑛𝜙𝑛)𝑑𝜏∫︀
𝜏 (𝑐1𝜙1 + 𝑐2𝜙2 + ...+ 𝑐𝑛𝜙𝑛)(𝑐1𝜙1 + 𝑐2𝜙2 + ...+ 𝑐𝑛𝜙𝑛)𝑑𝜏 . (4.2)

Developing the integral of Equation 4.2 and setting for each value of 𝑗 with 1 ≤ 𝑗 ≤
𝑛, the following derivative equals zero:(︃

𝛿𝜔

𝛿𝑐𝑗

)︃
𝑗=1,2,...,𝑛

= 0. (4.3)

We obtain the following system of secular equations:⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒

(Ω11 − 𝜔) (Ω12 − 𝑆12𝜔) (Ω13 − 𝑆13𝜔) ... (Ω1𝑛 − 𝑆1𝑛𝜔)
(Ω21 − 𝑆21𝜔) (Ω22 − 𝜔) (Ω23 − 𝑆23𝜔) ... (Ω2𝑛 − 𝑆2𝑛𝜔)
(Ω31 − 𝑆31𝜔) (Ω32 − 𝑆32𝜔) (Ω33 − 𝜔) ... (Ω3𝑛 − 𝑆3𝑛𝜔)

... ... ... ... ...

(Ω𝑛1 − 𝑆𝑛1𝜔) (Ω𝑛2 − 𝑆𝑛2𝜔) (Ω𝑛3 − 𝑆𝑛3𝜔) ... (Ω𝑛𝑛 − 𝜔)

⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒
·

⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒

𝑐1

𝑐2

𝑐3

...

𝑐𝑛

⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒
= 0, (4.4)
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where:
• the Coulomb’s integral Ω𝑖𝑖 =

∫︀
𝜏 𝜓𝑖�̂�𝜓𝑖𝑑𝜏 = 𝜔0 is the energy of the single

particle,
• the interaction integrals Ω𝑖𝑗 = Ω𝑗𝑖 =

∫︀
𝜏 𝜓𝑖�̂�𝜓𝑗𝑑𝜏 =

∫︀
𝜏 𝜓𝑗�̂�𝜓𝑖𝑑𝜏 = 𝛽 ≈

−Δ𝜔𝑑𝑖𝑚 is equal to the shift of energy of the dimer compared to the single
NP when 𝑖 and 𝑗 represent adjacent NPs and is null for non-adjacent particles
because we assume that non-adjacent dipoles do not interact between them.
In the case of a linear chain of NPs, Ω𝑖𝑗 = 𝛽 when |𝑖− 𝑗| = 1 and is equal to
0 when |𝑖− 𝑗| > 1;

• the overlapping integral 𝑆𝑖𝑗 = 𝑆𝑗𝑖 =
∫︀

𝜏 𝜓𝑖𝜓𝑗𝑑𝜏 =
∫︀

𝜏 𝜓𝑗𝜓𝑖𝑑𝜏 ≈ 0 because the
NPs are far enough to neglect the contribution of the efficient wave-functions
overlapping.

Under these conditions, for the system of equation to be null, the secular deter-
minant must be numerically equal to 0. As an example, in the case of a linear chain
of n NPs, the following condition must be assumed.⃒⃒⃒⃒

⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒

(𝜔0 − 𝜔) (𝛽) 0 0 ... 0
(𝛽) (𝜔0 − 𝜔) (𝛽) 0 ... 0
0 (𝛽) (𝜔0 − 𝜔) (𝛽) ... 0
... ... ... ... ... ...

0 0 0 ... (𝛽) (𝜔0 − 𝜔)

⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒
= 0 (4.5)

The solution of this determinant for 𝑛 particles, i.e., 𝑛 wavefunctions, gives 𝑛 energy
modes, including some that are bright modes (𝜔 < 𝜔0) while the rest are dark modes
(𝜔 > 𝜔0). A representative sketch in the case of a chain of four equal NPs is shown
in Figure 4.2.

Fig. 4.2: Interaction between 4 NPs in the chain with 4 possible modes and their
energies. The corresponding hot spots are illustrated by the purple circles.
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As a result of this calculation, we obtain several wavefunctions describing several
dipole configurations, as shown in the example reported in Figure 4.2. It is worth
underlining that, with the present approach, whenever the plasmon energy of the
single NP and the shift of energy of the dimer with respect to the single NP is known,
the calculation of the secular determinant of Equation 4.5 is a minor and immediate
operation. Thus, this method shows a general trend of the NPs system where the
effect of NPs distances is included in the interaction integral whose value can be
obtained by using an independent theoretical or experimental approach. The exact
wavefunction of the single NPs is not required for the computation of the energy in
agreement with the Hückel theory and so the method can be applied virtually to all
the geometries of the single element as the effect of the properties of the single NPs
in the complex system, which is contained in the input data 𝜔0 and Δ𝜔𝑑𝑖𝑚. As is
well known, dielectric polarization plays an important role in the plasmon resonant
energy. For this reason, the input data should be selected properly, taking into
account the dielectric medium where the NPs system is embedded. Dimeric systems
have been intensively studied in the last decade because the optical properties of
this kind of system can be determined accurately using different experimental and
theoretical approaches [40]-[41]. For instance, we reported in Table 4.1 some data
retrieved from published works on Au and Ag NPs dimers.

4.1 NPs Chain System
Let us consider the case of a chain of AuNPs and one of AgNPs, where the plasmon
energy 𝜔0 and the dimer shift Δ𝜔𝑑𝑖𝑚 are 𝜔0 = 2.375 eV, 𝛽 = −0.28 eV and 𝜔0 = 3.10
eV and 𝛽 = −0.52 eV, respectively, for AuNPs of 40 nm and AgNPs of 50 nm
[42]. Results of the VM are reported in Figure 4.3, which shows an increase of the
wavelength as a function of the number of NPs in the chain, which, in turn, results
in the red-shift of the resonance wavelength of the lowest energy mode, obtained
with the solution of the secular determinant of Equation 4.4. As expected, the
wavelength of the longitudinal modes shifts to higher values as the number of NPs
in the system increases. This moves toward a plateau for 𝑛 → ∞. Although, with
the present model, we are not investigating the behavior of the hot spot [50, 51]
generated in the NPs system. However, it is possible to estimate just the number of
hot spots assuming they are equal to the number of coherent interactions between
adjacent NPs.
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Tab. 4.1: Dimer resonance energy from different published works for Ag and Au
NPs, to be used in VM for the investigation of more complex system. In the table
𝜔0, 𝜔𝑑𝑖𝑚, Δ𝜔𝑑𝑖𝑚 correspond to single nanoparticle resonant energy, dimer resonant
energy in longitudinal mode, and the energy shift, respectively.

NPs Size (nm) Id (nm) Medium 𝜔0 𝜔𝑑𝑖𝑚 |Δ𝜔𝑑𝑖𝑚| Ref
AuNPs 20 0.5 Water 2.36 1.99 0.37 [40]
AuNPs 40 1 Air 2.37 2.09 0.28 [42]
AuNPs 18 3.8 Water 2.36 2.32 0.04 [43]
AuNPs 18 0.2 Water 2.36 1.97 0.39 [43]
AuNPs 40 10 Water 2.34 2.34 0 [43]
AuNPs 10 0.8 Water 2.34 1.97 0.37 [43]
AuNPs 64 1 Air 2.21 1.77 0.44 [44]
AuNPs 60 1 n = 1 2.05 1.88 0.17 [45]
AuNPs 60 1.5 n = 1.5 2.21 1.65 0.56 [45]
AuNPs 40 1.5 Water 2.36 2.03 0.33 [46]
AuNPs 80 1 Water 2.17 1.59 0.58 [47]
AuNPs 35 0.35 Vacuum 2.34 2.09 0.25 [48]
AgNPs 60 3 Air 3.31 2.67 0.64 [49]
AgNPs 50 1 Air 3.10 2.58 0.52 [42]
AgNPs 36 2 Air 2.95 2.38 0.57 [41]
AgNPs 30 0.3 Vacuum 2.91 2.45 0.46 [48]
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Fig. 4.3: Lowest energy mode of the chain as a function of the number of NPs, for
gold and silver NPs. Input data for AuNPs and AgNPs is, respectively, 𝜔0 = 2.375
eV, 𝛽 = −0.28 eV, 𝜔0 = 3.10 eV and 𝛽 = −0.52 eV

For each mode, the number of available coherent dipole interactions, i.e., po-
tential hot spots, is 𝑚 = 𝑛 − 𝑘, where 𝑛 is the number of NPs constituting the
system and k is the mode number, assuming 𝑘 = 1 for the lowest energy mode. This
observation makes it clear that the maximum number of available coherent dipole
interactions is obtained for the mode with the lowest energy. This mode represents
the dipole configuration, which allows the maximum electromagnetic field enhance-
ment. On the contrary, the number of sites where the dipole assumes the opposite
orientation corresponds to the number 𝑁 of nodes of the wavefunction representing
the specific mode, so that 𝑁 = 𝑛−1−𝑚 = 𝑘−1. Consequently, in order to polarize
a given mode, it is necessary that the number of constructive interactions between
the dipoles is greater than the number of dipoles with a destructive interaction.
This means that the number of coherent dipole interactions has to be greater than
the number of nodes, 𝑚 > 𝑁 , see Figure 4.2. This observation suggests that, in
a bright mode 𝑚 > 𝑁 , consequently, 𝜔 < 𝜔0, and the corresponding wavefunction
represents a system with a net total dipole. On the contrary, when 𝑚 < 𝑁 , then
𝜔 > 𝜔0, and the wavefunction describes a system where no effective dipole exists,
which is a dark mode [52]. In the case of the dark mode, the total wavefunction
presents more nodes than coherent interactions and, therefore, in agreement with
the general knowledge, they cannot be excited.

Considering the broadening of each state due to the quantum limit of the inves-
tigated system [53], it should be expected that all these states merge together in
a wide band. Consequently, the system of NPs can be suitably polarized along a
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broad range of incident electromagnetic field frequencies generating a band of res-
onance including all the bright modes within the limits of possible configurations,
which the dipoles in the chain can assume. Since the VM does not allow taking into
account the broadening of the energy levels resulting from the quantum limits and
a detailed investigation on the broadening would be required [54, 55], with the only
aim to show how the broadening of the states may form a band of resonance, in
Figure 4.4, we also report the convolution of the modes, assuming a Gaussian shape
with a broadening (FWHM, Full Width at Half Maximum) of 80 nm in agreement
with the broadening of the SPR (Surface Plasmon Resonance) of the single AuNPs
of 40 nm [53]. Even though, this is an arbitrary condition for a chain system and
it underestimates the real broadening, it gives an idea of the correlation between
the states of the system and the peculiarities of the band of resonance generally
observed in the experimental applications.
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Fig. 4.4: The image of the normalized number density of modes for chains with
five different lengths. Black vertical lines represent single modes as obtained with
the Variational Method, blue curves represent the density of states, calculated as a
convolution of gauss curves modeled for each mode using a broadening of 80 nm for
each state.
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This phenomenon underlines the most important feature of the NPs systems: the
possibility to adapt the configuration of their dipoles to the incident electromagnetic
radiation, which allows a sort of cooperation in reaching resonance with the incoming
perturbation. Clearly, this effect is not achievable with more rigid systems, e.g., the
atomic ones, where resonance occurs only at a specific frequency. This flexibility of
the NPs systems in reaching resonance with the perturbation occurs as an effect of
a system that borders strongly quantized systems such as atoms and macroscopic
(i.e., not quantized) systems such as particles.

It is interesting to compare the results of the VM with other results based on
different approaches reported in literature, as shown in Figure 4.5. In this case,
we compare the lowest energy mode obtained with VM with different properties
reported in literature and related to the resonance energy of the plasmonic system.
Observation of Figure 4.5 indicates an impressively high level of agreement of the
results of VM with those obtained with Electrodynamic Simulation, S, [42] and Finit
Integration Technique, FIT, [46], as well as with experimental results, E, [44]. The
values of 𝜔0 and 𝛽 used for comparisons of Figure 4.5 are 𝜔0 = 2.34 eV, 𝛽 = −0.57
eV for the comparison with experimental results (EM), 𝜔0 = 2.36 eV, 𝛽 = −0.33
eV for the comparison with Electrodynamics simulation (MS) and 𝜔0 = 2.37 eV,
𝛽 = −0.27 eV for the comparison with the Finit Integration Technique (MFIT).
The agreement of the proposed method with literature data shows the similarity of
the plasmonic characteristics of NPs system with a conjugated dienic system, where
this theoretical approach is considered one of the most accurate ways to determine
the energy of 𝜋-bonding.

4.2 NPs Cluster System
One of the most attracting results that can be obtained with the VM is the de-
termination of resonance energy of a more complex system than a dimmer and, as
mentioned in the introduction, the VM allows us to study the interaction between
NPs in a different geometrical configuration. As an example, let us consider the
heptamer in three geometries: linear chain, ring chain, and cluster. The energy
diagram obtained for these systems is reported in Figure 4.6. Same as in the previ-
ous section, we considered a system of Au-NPs with 𝜔0 = 2.375 eV and 𝛽 = −0.28
eV. We can note that the linear chain and ring chain had a similar energy shift,
1.86 eV and 1.88 eV, respectively. However, while in the linear chain, there was no
degeneracy of the modes, the ring chain presented a degeneracy equal to 2 of all the
modes except the one with the higher energy with 𝑘 = 7. This effect was due to
the geometrical symmetry of the ring system. When comparing the chain systems
with the heptamer cluster, a further redshift was observed as a result of the strong
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Fig. 4.5: Comparison of results obtained by the variational method with data pre-
sented in literature. E (Experimental), S (electrodynamic Simulation), and FIT
(Finit Integration Technique) have been taken from References [42, 44, 46], respec-
tively. ME (𝜔0 = 2.34 eV, 𝛽 = −0.57 eV), MS (𝜔0 = 2.36 eV, 𝛽 = −0.33 eV), and
MFIT (𝜔0 = 2.37 eV, 𝛽 = −0.27 eV) are the results calculated by the Variational
Method for the appropriate systems.

coupling with the NP placed in the center in the heptamer cluster. It interacts with
all the surrounding NPs, which increases the number of coherent interactions. The
latter observation introduces a general feature of 2D systems, which is an increase
of the number of bright modes with respect to the dark modes. In this frame, the
heptamer shows a general condition where the NPs packing (i.e., the ratio between
NP diameter and interparticle mean distances) is optimized, which allows the cen-
tral NP to have a full interaction with several other units, since it will be discussed
below in the section about the 2D lattice of NPs.
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Fig. 4.6: Energy diagram of the linear combination obtained in the case of heptamer
geometries: linear, ring, and cluster. Input data are 𝜔0 = 2.375 eV and 𝛽 = −0.28
eV.

Fig. 4.7: NPs clusters in three different 2D geometries: (A) (B) (C).

As a second case, we investigated the effect of ordered 2D NPs clusters. It was
necessary to take into account that there were different types of interaction between
adjacent NPs and particles placed on the diagonal direction, see example in Figure
4.7. Therefore, for the latter ones, we used a different value of the interaction
integral, which is 𝛽 ′ = 𝛽/

√
2, according to geometric considerations. Thus, we

obtain following matrices:
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(i) For cluster Figure 4.7A:⃒⃒⃒⃒
⃒⃒⃒⃒𝜔0 − 𝜔 𝛽 𝛽

𝛽 𝜔0 − 𝜔 𝛽

𝛽 𝛽 𝜔0 − 𝜔

⃒⃒⃒⃒
⃒⃒⃒⃒ = 0 (4.6)

(ii) For cluster Figure 4.7B:⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒

𝜔0 − 𝜔 𝛽 0 𝛽 𝛽
′ 0 0 0 0

𝛽 𝜔0 − 𝜔 𝛽 𝛽
′

𝛽 𝛽
′ 0 0 0

0 𝛽 𝜔0 − 𝜔 0 𝛽
′

𝛽 0 0 0
𝛽 𝛽

′ 0 𝜔0 − 𝜔 𝛽 0 𝛽 𝛽
′ 0

𝛽
′

𝛽 𝛽
′

𝛽 𝜔0 − 𝜔 𝛽 𝛽
′

𝛽 𝛽
′

0 𝛽
′

𝛽 0 𝛽 𝜔0 − 𝜔 0 𝛽
′

𝛽

0 0 0 𝛽 𝛽
′ 0 𝜔0 − 𝜔 𝛽 0

0 0 0 𝛽
′

𝛽 𝛽
′

𝛽 𝜔0 − 𝜔 𝛽

0 0 0 0 𝛽
′

𝛽 0 𝛽 𝜔0 − 𝜔

⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒

= 0

(4.7)
(iii) For cluster Figure 4.7C:⃒⃒⃒⃒

⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒

𝜔0 − 𝜔 𝛽 0 𝛽 0 0 0 0 0
𝛽 𝜔0 − 𝜔 𝛽 𝛽 𝛽 0 0 0 0
0 𝛽 𝜔0 − 𝜔 0 𝛽 𝛽 0 0 0
𝛽 𝛽 0 𝜔0 − 𝜔 𝛽 0 𝛽 𝛽 0
0 𝛽 𝛽 𝛽 𝜔0 − 𝜔 𝛽 0 𝛽 𝛽

0 0 𝛽 0 𝛽 𝜔0 − 𝜔 0 0 𝛽

0 0 0 𝛽 0 0 𝜔0 − 𝜔 𝛽 0
0 0 0 𝛽 𝛽 0 𝛽 𝜔0 − 𝜔 𝛽

0 0 0 0 𝛽 𝛽 0 𝛽 𝜔0 − 𝜔

⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒

= 0

(4.8)
As a result of the dipole’s interaction, a new energy diagram was obtained and

is reported in Figure 4.8A. Figure shows that the energy of bright modes decreases
with the increasing of NPs in the reticular cluster and that the number of bright
modes is always greater than the one of dark modes. As mentioned above, this is
due to the increasing number of coherent dipole interactions. For this reason, and
because the total energy of the levels must be conserved, the dark modes notably
increase their energy. Once again, for 𝜔 < 𝜔0, the energy stabilization and, in turn,
the wavelength increasing is dependent on the number of interactions that every NP
is able to perform.
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Fig. 4.8: Energy diagram of the linear combination obtained in the case of 2D
geometries: (A) effect of increasing the number of NPs in the cluster on mode
formation, (B) effect of packing on mode energy. Input data are 𝜔0 = 2.375 eV and
𝛽 = −0.28 eV.

Fig. 4.9: Comparison of results of the present work and Reference [56] in the case
of triangle, square, and heptamer clusters. Input data have been estimated from
Reference [56] and are 𝜔0 = 2.15 eV and 𝛽 = −0.28 eV.

The ordered reticular system of NPs does not represent the best situation since
the packing factor can be improved by decreasing the average distances between the
NPs. This effect is demonstrated in Figure 4.8B where the energy diagram of the
2D lattice is reported. The figure clearly shows a further decrease of the energy of
about 0.1 eV corresponding in a wavelength red-shift of about 40 nm when the chain
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composing the 2D-lattice is shifted with respect to the adjacent chains in order to
optimize the packing of the NPs.

Lastly, in Figure 4.9, we compared the case of triangular, square, and heptamer
cluster with some results published in Reference [56]. For all the examined struc-
tures, there is good agreement of the resonance wavelength obtained with Gener-
alized Mie Theory (GMT) and the wavelength corresponding to the lowest energy
mode, as calculated applying the VM.

4.3 Effect of the Surface
The effect of the metallic surface on the chain plasmon resonance is of great interest
and has been investigated by several authors, see [37, 57, 58, 59, 60]. Two approaches
may be feasible in the context of the VM. Applying the first approach, we can directly
couple the surface plasmon energy independently with all the single NPs constituting
the chain. From the mathematical point of view, it means adding a further equation
in the system as well as adding a second term, 𝛼, that takes into account the energy
shift due to the interaction of an individual NP with the metallic surface. In any
case, this approach would take into account only the main energy shift due to a
strong coupling of the metal surface and the NPs. On the contrary, the surface
can interact with the NPs chain, which induces two main groups of modes, with
one representing the most effective coupling and the other one’s surface interacting
destructively with the modes of the chain [37]. In order to better represent this
phenomenon, we propose coupling directly each chain wavefunction with the metallic
surface. Consequently, each single mode determined, as discussed in the previous
paragraph, is coupled with the metal plasma energy of the surface where the chain or
cluster is placed. This obtains a 2 × 2 matrix for each mode. Thus, the determinant
becomes: ⃒⃒⃒⃒

⃒⃒(𝜔𝑘 − 𝜔) 𝛼

𝛼 (𝜔𝑆 − 𝜔)

⃒⃒⃒⃒
⃒⃒ = 0, (4.9)

where 𝜔𝑘 is the resonance energy of the mode k of the chain, 𝜔𝑆 is the plasma
energy of the metal, and the interaction integral 𝛼 is the shift in energy due to the
interaction of the chain with the surface. A sketch of the level formation is shown in
Figure 4.10 for the chain system and for the chain on the metallic surface. For large
numbers of NPs (𝑁 > 10) in the chain, the interaction with the surface generates
three groups of levels. The first one concerns the influence of NPs system on a
surface where the energy is beyond the plasma energy of the metal. It is clearly a
set of dark modes. The other two groups represent two sets of modes of the chain
on the metallic surface, where the interaction of the surface with the chain decreases
the energy of both low and high energy modes of the insulated chain. Moreover,
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Fig. 4.10: Sketch of the linear combination in the Variational Method for a 20 NPS
chain on a gold surface. Black lines symbolize modes of three different systems (from
left to right): 20 NPs chain, 20 NPs chain on the surface, and the surface with the
plasmon energy 𝜔𝑝 = 8.87 eV. The green region illustrates the position of the bright
mode 𝜔 < 𝜔0 with 𝜔0 = 2.38 eV.

it is worth underlining that the dark modes of the insulated chain become bright
under the effect of interaction with the surface. It clearly explains the nature of the
second peak when a chain of NPs is placed on the metallic surface [58, 59]. This
issue is very interesting as the introduction of the surface in the investigated system
allows 𝑛 new coherent dipole interactions due to the interaction of every single
particle constituting the chain and the surface plasmon. In this view, the number of
coherent dipole interactions where hot spots can be formed becomes 𝑚𝑠 = 2𝑛−𝑘 for
the positive interaction with the surface while the number of nodes remains the same
as the insulated chain. On the contrary, for the destructive interaction of the chain
with the surface, the number of nodes becomes 𝑁𝑠 = 𝑛 + 𝑘 − 1, while the number
of coherent dipole interactions remains the same as the insulated chain. This effect
is shown in Figure 4.11 in the case of a four NPs chain.
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Fig. 4.11: Dipole orientation during four NPs chain on a metallic surface in the case
of (A) bright and (B) dark modes. Potential hot spots are indicated with purple
circles and nodes are indicated with gray circles.

In order to explore the potentiality of this method, we calculated the resonance
energy of the modes related to a chain of gold NPs on a gold surface, assuming
the input data as follows: 𝜔𝑠 = 8.9 eV, 𝛼 = −2.6 eV, with 𝜔𝑘 calculated using
the VM, as described in the previous paragraph with 𝜔0 = 2.38 and 𝛽 = −0.28
eV. By a formal point of view, it would be more correct to use the energy of the
metal surface plasmon (6.4 eV) and the corresponding interaction integral, but, as
from the practical point of view, the energy of the metal is only the baseline for the
calculation. We decided to use the plasma frequency (8.9 eV) and the corresponding
interaction integral, which is more easy to estimate from literature data.

Results are shown in Figure 4.12, which depicts the trend of Peak I and II,
interpreted as the lowest and highest energy mode of the bright band, as a function
of the chain length. It is observable that, while the group of modes of Peak II is
slightly blue-shifted with respect to the free chain, Peak I is strongly red-shifted,
which allows resonance until the near IR. The two peaks represent two different
ways in which the metallic surface interacts with the chain: Peak I is obtained by
a further stabilization of the system due to the localization of the metal plasmon
with opposite charges with respect to the particle charge in contact with the surface.
This stabilization of the charges of the entire system decreases the plasmonic energy.
On the contrary, Peak II is the result of the stabilization of high energy modes of
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the chain due to the effect of the coupling of these modes with the surface plasmon
of the metallic substrate. As the interaction of the dipole in the chain for these high
energy modes increases, the energy of the system leads to an increasing number of
elements in the chain. The resonance wavelength is slightly blue-shifted.

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0
5 0 0
6 0 0
7 0 0
8 0 0
9 0 0

1 0 0 0
1 1 0 0
1 2 0 0
1 3 0 0

 C h a i n
 C h a i n  o n  S u r f a c e  

P e a k  I I
 C h a i n  o n  S u r f a c e  

P e a k  Iλ (
nm

)

N u m b e r  o f  N P s

Fig. 4.12: The lowest and highest energy bright mode of the chain on the surface
(white square) and the chain (black square) as a function of the number of NPs in
the chain. Values of 𝜔0 and 𝛽 taken from Reference [42] and the value of 𝛼 = −2.6
eV.

The same approach can be applied to other geometries, as shown in Figure 4.13,
for the case of the heptamer cluster. As a general result, the coupling of the NPs
cluster with the surface induces an evident red-shift of the modes and, consequently,
some of those levels that were dark modes become bright modes. This is a further
enlargement of the resonance band and a new peak in the left side of the band. It
is analogical to what has been discussed in case of the chain coupled to the metallic
surface. If the heptamer is tested with the VM at the experimental conditions used
for the chain system discussed previously, the maximum of the resonance peak is
expected at 1380 nm. Moreover, a resonance mode at the same energy of the single
NPs is formed as well as a narrow band of levels at a high energy, as already observed
in the case of the chain.
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Fig. 4.13: Sketch of the linear combination in the Variational Method for the hep-
tamer on a gold surface. The black lines symbolize modes of three different systems
(from left to right): heptamer cluster, heptamer cluster on the surface, and the sur-
face with plasmon energy 𝜔𝑝 = 8.87 eV. The green region illustrates the position of
bright mode 𝜔 < 𝜔0 with 𝜔0 = 2.38 eV.

4.4 Summary of Results and its Impact on NELA
In conclusion, the most crucial advantage of the proposed method is the rapid re-
sponse and ease of application to all kinds of chain and cluster NPs systems if the
basic interactions of the elements of the system are known. This means that this
approach is unable to determine the dependence of the energy shift due to the inter-
particle distance and particle size. However, it enables us to estimate how a given
interaction changes as a result of an increasing number of conjugated NPs. This
is possible without having to resort to a time-consuming calculation routine. As
a consequence of a higher number of dipoles involved constructively in the state
with lower energy, the corresponding wavelength represents the wavelength of the
peak of the system’s resonance band. On the contrary, with this quantum chemistry
approach, the whole band is the result of the convolution of all the sets of modes
obtained by solving the secular determinant. The latter observation suggests that
the incident electromagnetic radiation can polarize the NPs dipoles in a wide range
of wavelengths.
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Lastly, the aim of applying this methodology is to support, by means of a rapid
overview of the resonance wavelength characteristics of the system, the realization
of more complex models, and experiments at the nanoscale. Moreover, the present
approach allows us to investigate the effect of the geometrical distribution of the
NPs system, as well as the effect of substrates in an immediate way, and this can be
useful for selecting the laser source in laser-based analytical techniques as well as for
selecting optimal substrates for the analysis. Although, in the present study, we fo-
cused our efforts on introducing a new model for interpreting the plasmon resonance
in complex NPs systems. In future work, the use of the obtained wavefunctions will
be investigated for estimating other properties of the plasmonic resonance from a
more applicative point of view.

With this relatively simple approach, we can predict that for noble metal NPs
deposited on a metallic substrate, there exist a huge number of LSP with various
plasmon frequencies. Although those LSP occur at discrete frequencies, they are
strongly broadened by significant damping in the metal. Taking into account all
the possible plasmon frequencies of randomly organized systems of NPs used during
NELA and their broadening, we obtain a consistent band of plasmon resonances
broadened by several hundred nanometers with the peak located near-infrared (Fig-
ure 4.14). Those results explain why the NPs deposited on the surface for
NELIBS analysis support LSP at a huge consistent range of frequencies
that can be excited by lasers commonly used in LIBS.

Fig. 4.14: Diagram of plasmonic interactions between gold NPs and the metallic
target surface. The violet points indicate the generated hot spots and the black
arrows represents induced dipole moments [31].
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5 Plasma Emission Enhancement
Until now, we have explored the first stage of the NELA, the interaction of laser
with NPs and their induced plasmonic coupling. It has been shown that the NPs
change the distribution of energy over the sample and that their plasmonic coupling
in complex configuration broadens the plasmon frequency, enabling plasmon exci-
tation with a huge range of wavelengths. Here, we will focus on the consequence
effect of NPs on LA, based on experimental observation and physical theory. The
following discussion is base on our publication "Nanoparticle enhanced laser ablation
and consequent effects on laser induced plasma optical emission" published in jour-
nal Spectrochimica Acta Part B [30] and a book chapter "Nanoparticle Enhanced
Laser-Induced Breakdown Spectroscopy" presently under peer review.

5.1 Nanoparticles under Strong Electromagnetic Field
and in Plasma Phase

Although the enhancement of an electromagnetic field in the hot spot results in dif-
ferent energy distribution over the sample and different laser ablation mechanisms,
we have to keep in mind that the only energy delivered to the sample surface is
coming from the laser pulse with equal characteristics for NELIBS and LIBS. This
means that the total energy delivered to the sample surface does not vary signifi-
cantly during a NELIBS and a LIBS experiment, if we assume that the difference
in the average optical properties along the laser spot area with and without NPs
deposition is negligible. Considering that the laser energy concentrates in a specific
part of the sample (hot spots), the residual energy must decrease to hold the total
energy deposited on the sample constant and equal to the energy delivered by the
laser pulse. To describe the change in energy distribution over the sample with NPs,
we will first express the laser energy 𝐸𝑙𝑎𝑠𝑒𝑟 at certain fluence 𝐹 with laser spot radius
𝑅 given by:

𝐸𝑙𝑎𝑠𝑒𝑟 = 𝐹 · 𝜋𝑅2, (5.1)

According to the previous chapter, this energy is captured in the hot spots when
the LSPs of NPs couple in the near-field. The energy concentrated in the hot spot
can be estimated using the following equation:

𝐸ℎ𝑜𝑡 = 𝛼𝐸𝑁2𝐹𝜋𝑟2
ℎ𝑜𝑡𝑁𝑁𝑃 , (5.2)

𝛼 is a proportionality factor that describes the NP coupling efficiency, 𝑟ℎ𝑜𝑡 is the
radius of the hot spot, 𝑁𝑁𝑃 is the number of irradiated NPs, and 𝐸𝑁 is the en-
hancement. The second power of enhancement is used, as the enhancement 𝐸𝑁 is
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proportional to the electromagnetic field induced on the NP system (see Fig. 3.3B).
The residual energy that is not focused in the hot spot and that interacts directly
with the NPs can be estimated as the difference between the total laser energy 𝐸𝑙𝑎𝑠𝑒𝑟

and the energy captured in the hot-spot 𝐸ℎ𝑜𝑡:

𝐸𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 𝐸𝑙𝑎𝑠𝑒𝑟 − 𝐸ℎ𝑜𝑡 = 𝜋𝐹 (𝑅2 − 𝛼𝐸𝑁2𝑟2
ℎ𝑜𝑡𝑁𝑁𝑃 ), (5.3)

so the residual energy on a single NP of radius 𝑟𝑁𝑃 is given by:

𝐸𝑁𝑃 = 𝐸𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙
𝑟2

𝑁𝑃

𝑅2 , (5.4)

If this energy is higher than the breakdown threshold of the NP, then the NP is
vaporized, and the plasmonic enhanced ablation effect decreases. The breakdown
threshold of the NP system is different from the one corresponding to the bulk metal.
Although the boiling and vaporization temperature decreases for a single NP, it has
been experimentally shown that the value of the breakdown threshold is higher for
the NP system compared to the bulk [30]. This experiment measured the breakdown
threshold at 1064 nm of a bulk gold sample and a gold NP system deposited on
Teflon. The breakdown threshold was estimated by the method proposed in Ref.
[61], reporting the signal-to-noise ratio of the Au I emission line at 312.28 nm as
a function of the laser fluence. The resulting breakdown thresholds were 0.8 and
2.3 J cm−2 for Au bulk and 10 nm Au NPs, respectively that corresponds to energy
for each single NP of about 7·10−12 J. The higher threshold of NPs results from
the changes in energy distribution over the sample during NELA. The stronger the
plasmon coupling is, the more energy accumulates in the hot spots, and the residual
energy decreases (Equation 5.3). In this way, the plasmon coupling shields the NPs
and the rest of the sample surface from a direct effect of the electromagnetic field.

As an example, the residual energy per NP (dashed line) and the NELIBS en-
hancement have been printed to the graph in Figure 5.1. It is possible to note that at
present experimental conditions, the residual energy reaches the breakdown thresh-
old of the NP for fluence beyond 20 J cm−2 and, according to the present discussion,
the experimental NELIBS enhancement starts to decrease. As at higher fluence, the
plasmonic system loses dipoles components, and consequently, the efficiency of the
plasmonic enhancement decreases. According to Equation 5.3, stronger NELIBS en-
hancement means that lower energy is deposed on the NPs. That implies that when
the higher enhancement is reached, also higher fluence can be employed. The value
of NELIBS enhancement is strongly influenced by the quality of the NPs deposition
on the sample surface, which makes it the crucial issue in determining the efficiency
of NELA [27, 62].
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Fig. 5.1: Dependence on fluence of i) calculated residual energy from Equation 5.3
(dashed line) as function of the laser fluence assuming 𝛼 = 1 , 𝑁𝑁𝑃 = 3 · 109,
𝐸𝑁 = 22.7, 𝑟ℎ𝑜𝑡 = 1 nm, 𝑅 = 10 nm and ii) experimental enhancement (Full
circles) with standard deviation from Ref. [62] under the following experimental
conditions: Ag NPs were deposited on a Ti sample (NP diameter: 20 nm and
number of irradiated NPs: 3 · 109).

Moreover, as a result of decreased residual energy applied on NPs during LA,
some of the NPs are even able to survive unchanged for the duration of the laser pulse
on the crater bottom. The presence of NPs on the crater bottom was confirmed by
SEM image (Figure 5.2A and B) and EDX measurement (Figure 5.2C). Of course,
the number of NPs on the sample surface after LA is notably reduced as some of
them have been covered by the melted and re-solidified sample, some of them have
been pushed away by the shockwave and most of them have been processed in the
plasma phase.

A comparison of the NPs and a substrate emission line can provide a clue in the
investigation of the NPs lifetime in the plasma phase (Figure 5.3A). If we consider
a LIBS experiment on a Ti-target as reported in [30], it can be observed that while
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Fig. 5.2: Sample surface of a 40 nmAu NP droplet (A) before and (B) after laser abla-
tion. (C) Elemental analysis was provided by Energy-dispersive X-ray spectroscopy
(EDX). The Au abundance in mass was estimated 7.9% and 1.7% respectively for
the zones S1 and S2.

the emission signal of Ti I has the typical decreasing trend after the laser pulse,
the silver emission appears later, and it reaches a maximum after 285 ns. This
is probably connected with the evaporation time of the NPs in the plasma phase.
Moreover, the spectrally resolved images of plasma show the spatial shift of Ag I at
328.07 nm and Al I at 396.15 nm emission lines (Figure 5.3B). Between 200 – 400
ns after the laser pulse, the NPs are on the front-head of plasma. Assuming the
same velocity for all the species in the plasma, the spatial shift of the silver implies
a temporal delay in the silver emission with respect to aluminum, confirming the
observation reported above.

Based on mentioned observation, we can conclude that the NPs take part in
the laser-matter interaction for the whole laser pulse duration and subsequently
evaporate in the plasma phase. Assuming an initial expansion rate of the ablated
matter between of 106 − 107 cm s−1 (in agreement with ref. [63]) and an expansion
shape that initially resembles an oblate spheroid (as shown in Figure 5.4) during
the 6 ns laser pulse, the distance between NPs in plasma phase is still small enough
to allow plasmon their coupling. Table 5.1 reports the calculated values of the
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Fig. 5.3: (A) Temporal evolution of the atomic emission intensity of Ag I 328.07
nm and Ti I 327.7 nm, normalized to the maximum emission signal, during NELIBS
on titanium with 20 nm AgNPs at a laser irradiance of 13 J cm−2. (B) Spectrally
resolved images of NELIBS with 20 nm AgNPs on an Al target. The green color
represents the emission of Ag I 328.07 nm and the red color represents Al I 396.15.ect.

interparticle distances at different initial expansion rates. Those calculations were
made for the following parameters: an initial two-dimensional circular surface of 1
mm diameter (the laser spot), containing 1010 NPs of 20 nm diameter, that turns
into an oblate spheroid surface with a major semi-axis equal to the spot radius
and a minor semi-axis 𝑎 equal to the distances covered by the ablated matter after
the 6 ns laser pulse. As it was explained in the previous chapter 3, the efficient
plasmon interaction occurs at interparticle distances in the same order or less than
the particle diameter. Thus by the inspection of Table 5.1, we can expect that the
plasmonic effect holds for the entire laser pulse duration, considering conventional
expansion rates.

Those experiments suggest that the NPs are present in the plasma phase for a
significant time, and they continue to interact with the laser and matter, changing
the properties of the plasma (dynamics, distribution of energy, conductivity, etc.).
Therefore, this phenomenon plays a crucial role in the NELIBS enhancement process
and is how further energy is delivered to the ejected mass, improving the atomization
and the excitation of the matter.
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Tab. 5.1: Surface roughness measured by an optical 3D microscope for samples with
different grinding set up:

Velocity (ms−1) Distance 𝑎 after 6 ns (m) Interparticle distance (m)
Before the laser shot 7.9 · 10−9

1 · 104 6 · 10−5 8.3 · 10−9

5 · 104 3 · 10−4 1.2 · 10−8

1 · 105 6 · 10−4 1.7 · 10−8

1 · 106 1 · 10−3 2.4 · 10−7

Fig. 5.4: The material expansion of a sample during the laser pulse irradiation and
its effect on the NP interparticle distance: (A)) In the moment the laser reaches the
target surface, laser interacts with flat circular area (B) During the laser irradiation
the material expands to an oblate spheroid volume. The effect on the distance
between the NPs with the expansion of the laser interaction surface from a flat
circular to oblate spheroid shape with minor semi-axis 𝑎.

5.2 Influence of Sample Material
During laser ablation, plasma is formed after the laser irradiance overcomes a certain
value, namely the breakdown threshold. This value depends on the physical and
chemical properties of the irradiated material. As we have discuses in Chapter
1.1, a certain number of free electrons must be produced to initiate the optical
breakdown of ablated matter with the induction of plasma. Production of those seed
electrons can occur with a few different mechanisms. The most common mechanism
of solid-state ablation is multiphoton ionization. The target matter absorbs multiple
numbers of photons that are necessary to overcome the work function of electrons
from the surface of the irradiated sample. The ablation mechanism differs in NELIBS
due to the different distribution of energy over the sample surface. As it has been
described previously, under certain conditions, LSP are excited in a NP system
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resulting in strong electromagnetic field enhancement in the hot spots. In the case
of metal samples, LSP further couple with surface electrons in the metal, creating
additional hot spots close to the sample surface [31]. For this reason, the different
enhancement process is observed for metallic and dielectric samples [27, 26].

Fig. 5.5: NELA in the case of metallic samples and insulators [27].

In the case of metallic samples, the electromagnetic field in the hot spots dur-
ing LA can be high enough to produce direct emissions of electrons from the surface
[64, 65]. Then, this field electron emission can take the place of multiphoton ioniza-
tion. To quickly estimate if an ionization takes place by the absorption of photons
so that the electrons can escape through direct or indirect paths of ionization, or by
the field emission, by tunneling the work function barrier, the Keldysh parameter
can be used:

𝛾 = 𝜔

√
𝑚𝑒𝑉𝑏

𝑒𝐹
, (5.5)

where 𝑉𝑏 is the potential energy of the barrier (i.e. the work function potential), 𝐹
is the electric field intensity, 𝜔 is the laser frequency and 𝑚𝑒 and 𝑒 are the electron
mass and charge, respectively. When 𝛾 > 1, the sample ionization occurs by the
multiphoton ionization, when 𝛾 < 1, the main mechanism of electron ejection is the
field emission. Let us consider a simple example of LIBS experiment on a titanium
sample as it was reported in [26]. In the case of normal conditions used in LIBS,
laser irradiance of 3 · 108 W cm−2, 𝐹 = 10 MV−1, the work function of titanium
4.33 eV, we obtain the Keldysh parameter 𝛾 > 102. This result is in agreement with
the general knowledge that electrons are produced by multiphoton ionization. On
the contrary, in the NELIBS experiment under the same conditions and parameters,
the field can be enhanced by NPs of a factor of 102 − 103, and in this case, the
Keldysh parameter is smaller than 1, so the main mechanism of producing free
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electrons is field emission. This electron ejection takes place primarily in the hot
spot. Therefore, the hot spots serve as an ignition point of the plasma phase. As
a result, the breakdown threshold is strongly decreased, and the NELIBS plasma
characteristics differ from LIBS plasma.

When the NPs are deposited on a dielectric sample, the field enhancement is
not sufficient to remove electrons from the bulk substrate, as it has been shown for
conductive samples. Two phenomena can occur depending on the plasmon resonance
of the system. When the laser frequency is the same as the plasmon frequency of
a single NP, strong local heating is produced because of plasmon excitation. As
the particles vaporize, they start to produce atoms, ions, and electrons and support
the plasma creation. The material in contact with the particles is transferred to
the plasma phase with them. When the laser is off the single-particle resonance,
tunneling between close particles is initiated, and thus the charge imbalance of
the NP system appears. The NPs deposited on the insulator create a superficial
layer that protects the sample from direct laser damage during laser ablation. This
can be used for analyses of samples where the damage is undesirable, for example,
gemstones or samples of cultural heritage [2, 64]. Moreover, the nanoparticle layer
deposited on the insulator can work as an enhancing substrate for analyses of liquids
[3, 4]. Those applications will be discussed in detail in the next chapter.

5.3 Origin of Plasma Emission Enhancement
To explain the origin of emission enhancement (𝐸𝑁) during the NELIBS, we first
describe 𝐸𝑁 with the following equation:

𝐸𝑁 = 𝐼𝑁𝐸𝐿𝐼𝐵𝑆

𝐼𝐿𝐼𝐵𝑆

= 𝑁0,𝑁𝐸𝐿𝐼𝐵𝑆

𝑁0,𝐿𝐼𝐵𝑆
Z(𝑇𝐿𝐼𝐵𝑆)

Z(𝑇𝑁𝐸𝐿𝐼𝐵𝑆)

exp
[︂
𝐸𝑢

𝑘

(︂ 1
𝑇𝐿𝐼𝐵𝑆

− 1
𝑇𝑁𝐸𝐿𝐼𝐵𝑆

)︂]︂
≈ 𝑁0,𝑁𝐸𝐿𝐼𝐵𝑆

𝑁0,𝐿𝐼𝐵𝑆

,

(5.6)
where 𝐼 is the intensity, Z(𝑇 ) the partition function, 𝑇 the temperature, Eu the
energy of the upper level, and 𝑁0 the total number density of emitters for LIBS and
NELIBS, respectively. In this case, the slight difference in the plasma temperature
between LIBS and NELIBS is supposed to be negligible. Thus the 𝐸𝑁 is given by
the difference in the number of emitters in the plasma [66]. The increased number
of emitters can be a result of the two following cases: i) a higher volume of sample
mass is ablated ii) the ionization and atomization of the ablated mass are more
efficient. In the following paragraphs, we will give evidence that the 𝐸𝑁 seems to
result from the second one.
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Fig. 5.6: (A) Crater analysis was performed with a stylus profilometer, Alpha-step
D-120 (KLA-Tencor, Milpitas, CA) after 50 shots of NELIBS and LIBS on titanium.
(B) Corresponding emission spectra under the following experimental conditions:
fluence: 5 J cm-2, delay: 1 µs, gate width: 5 µs, 1 µl of AuNPs (0.126 mg l-1); 7 nm
diameter) produced by PLAL with a surface concentration of 4.0 · 10−3 mg cm-2 the
target surface. In the case of NELIBS after each shot a new NP deposition was
done.

The volume of ablated mass mainly depends on the energy that is delivered to
the sample. As discussed previously, although the NPs change the energy distribu-
tion, the total energy is the same for LIBS and NELIBS. Therefore, no important
differences in the volume of the ablated mass should be expected. Indeed, obser-
vation of the laser-induced crater supports this theory. Previous work shows that
although the morphology of the craters during NP enhanced ablation and conven-
tional ablation is very different [26, 5, 24, 67, 1], the volume of the craters does not
differ significantly [30, 1]. Figure 5.6 shows a comparison of the topography of an
ablation crater (A) and the corresponding spectra (B) for LIBS and NELIBS [30].
Of course, by inspection of the ablation crater, it is impossible to precisely quantify
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the volume of the ablation mass, as a different ablation mechanism can cause the
different densities of material in the crater. Nevertheless, the possible variation in
the mass volume is too slight to explain the strong NELIBS enhancement, Figure
5.6B. This observation suggests that the enhancement is not a result of the
increase in the ablation mass volume but of a more efficient ionization
and atomization.

The phenomenon of higher ionization efficiency during NELIBS was further in-
vestigated with the following experiment. As it is well known, during laser ablation
increasing the laser fluence, keeping constant the laser spot size, the ablated mass
increases until a critical ejection of the matter is reached [68]. After this stage,
further energy does not reach the sample because the ablated matter, and especially
the electrons completely shield the target surface. This excess of energy is spent in
exciting the ablated mass, inducing further atomization, ionization and excitation.
In order to increase the flux of ejected matter for obtaining a higher quantity of
ablated mass, it is necessary to hold the same fluence but enlarge the laser spot. In
the latter case, although a larger portion of laser pulse energy reaches the target sur-
face, due to the larger amount of ejected matter, the pulse energy per ablated mass
cannot be so efficient in exciting the ejected material like in the case of smaller spot
size. This issue is shown in Figure 5.7A and B, where the ablation mass measured
by the crater profile and the emission intensity of Ti I at 462.3 nm are reported
as a function of laser energy, respectively. In Figure 5.7AB the data are reported
keeping constant the spot size and varying the laser fluence (circles) and keeping
constant the laser fluence but varying the spot size (squares). We can observe that
keeping constant the laser spot to 500 µm, after some tens of mJ, the increase of
the laser fluence does not have any noticeable effect, within experimental error, on
the ablated mass. However, in Figure 5.7B it can be observed that the intensity
increases as a consequence of a better excitation of the ablated matter. Figure 5.7A
also shows the effect on the ablation mass that is obtained, increasing the laser spot
size and keeping constant the laser fluence that also leads to a higher intensity in
Figure 5.7B, as a larger number of emitters is produced. To better clarify this point,
we introduce the relative emission efficiency, which is the ratio between the relative
intensity and the ablated mass. The effect of the larger amount of ablated mass,
as well as the effect of the energy spent for excitation, can be monitored simulta-
neously, as reported in Figure 5.7C. By the inspection of Figure 5.7C we can see
that, keeping constant the laser fluence and increasing the spot size, the LIBS emis-
sion efficiency decreases in spite of the higher ablated mass. On the contrary, the
emission efficiency of NELIBS increases for increasing the spot size and, in turn, the
ablated mass. These results suggest that NELIBS, although it does not increase the
ablation mass, it allows better atomization and excitation of the ejected material.
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Fig. 5.7: Effect of laser fluence and spot size on intensity and ablated mass. (A) De-
pendence of the ablation mass and relative error as function of laser energy keeping
constant the spot size and varying the laser fluence (circles) and keeping constant the
laser fluence but varying the spot size (squares); (B) Dependence of the intensity of
Ti I 462.3 nm as function of laser energy keeping constant the spot size and varying
the laser fluence and keeping constant the laser fluence but varying the spot size;
(C) Dependence of relative emission efficiency (Intensity/ablated mass) as function
of the ablated mass in LIBS and NELIBS; (D) Intensity and NELIBS enhancement
as function of the ablation mass. For NELIBS 1 µl of AuNPs (0.126 mg l−1; 7 nm
diameter) produced by PLAL with a surface concentration of 4.0 10−3 mg cm−2 on
the target surface have been used.
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In this view, the plasmonic effect during the entire duration of the laser irradiation
allows depositing the energy on that part of the material that in conventional LIBS
would not take part in the emission of radiation as it cannot interact efficiently with
the laser pulse. As shown in Figure 5.7D the NELIBS enhancement increases with
the amount of ablated material. However, it is negligible for low amounts of ejected
material because, in this case, conventional LIBS is efficient enough to excite all of
the ablated matter, and no further energy is required to support the laser pulse.
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6 Influence of NPs Size
Previously, the principle of NPs enhancement was clarified. It has been shown that
the distance between NPs is a crucial parameter influencing the efficiency of en-
hancement. We have disused, the surface concentration of deposited NPs correlates
with the average distance between NPs. In the following study, we will focus on the
effect of NPs size, which affects the average distance between NPs as well. A system-
atic study was performed to explore this behavior, and the results were summarized
in the article: "Effect of spherical gold nanoparticles size on nanoparticle enhanced
Laser Induced Breakdown Spectroscopy" published in journal Spectrochimica Acta
Part B [69]. This chapter will be devoted to this study. In this study, different sizes
of spherical gold nanoparticles (see Section 2.4), 10 nm, 40 nm, 60 nm, and 100 nm
have been employed to clarify the role of the NPs size on the signal enhancement on
the metallic sample (Figure 6.1). This study systematically investigated the influ-
ence of the key experimental parameters as NPs surface concentration, laser fluence,
and laser spot size.

3 0 9 3 1 2 3 1 5 3 1 8 3 2 1
0

2 0 0 0 0

4 0 0 0 0

6 0 0 0 0
 N E L I B S
 L I B S

Int
en

sity
 (a

.u.
)

W a v e l e n g t h  ( n m )

3 1 1 3 1 2 3 1 9 3 2 0

2 0 0 0

4 0 0 0 T i  I I
A u  I T i  I

Fig. 6.1: NELIBS and LIBS emission spectra (AuNPs size: 40 nm, delay time: 1 µs,
gate width: 5 µs, monochromator slit: 30 µm, laser fluence: 16 J cm−2). The inset
shows the Ti II, Ti I and Au I emission lines used for the discussion.
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6.1 Role of NPs Concentration
As we have seen previously in Section 3.4, the concentration of NPs needs to be
optimized prior to each experiment. For this reason, NELIBS enhancement as a
function of the NPs surface concentration (i.e., the number of NPs for the surface
unit) have been observed for each NPs size and both atomic and ionic transitions,
as reported in Figure 6.2. Obtained curves exhibit the same general trend, which
is in agreement with the plasmon description of NPs coupling in Section 3.4. The
value of enhancement increases until the optimal concentration is reached, where an
average distance between NPs is optimal for its plasmon coupling. This maximum
enhancement is held for a range of concentration, suggesting that after a specific
NPs concentration is reached, a further enhancement of the electromagnetic field due
to shorter distances does not improve the signal anymore. With further increasing
concentration, the NPs get too close to each others, and the field enhancement in the
hot spot strongly decrease due to tunneling effect, see the previously presented Fig-
ure 3.3. Moreover, NPs cover a large sample surface area, so they shield the sample
from the laser beam. For these reasons, a dramatic decrement of the enhancement
occurs at high NPs concentrations. This general trend is held for all the NPs sizes.
However, the NPs average distance is also influenced by NPs size. Thus each size
of NPs reaches the maximum enhancement at different NPs surface concentrations.
The smaller is the size of NPs, the higher is the surface concentration required for
the signal enhancement, as smaller NP size requires a smaller distance for exploiting
the NELIBS effect and vice versa. By the inspection of Figure 6.2, it is evident that
the value of the maximum enhancement is similar for each NPs size, even if it is
reached at different surface concentrations. As a result, the surface concentration,
in the term of enhancement efficiency, varies for each NPs size. Therefore, to explore
the effect of NPs size on enhancement, it is necessary to choose the concentration
of NPs for each NPs size, where the enhancement is similar and at the same point
of its trend.

In our case, we have chosen a fixed concentration at the point where the enhance-
ment drops. This point has been chosen to avoid saturation and to ensure that we
are comparing the enhancement at the same point of the curve. It is interesting
to note that at these conditions, if the gold mass per surface unit is the same for
all the NPs sizes, the ehnancement behaviours follow the same trend with similar
ehnancement values, see Figure 6.3, where the enhancement is plotted as a function
of gold mass surface concentration. The fixed concentration, highlighted in Figure
6.3, was used for further experiments, and the value for each NPs size is reported in
Table 6.1.
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Fig. 6.2: NELIBS enhancement as a function of the NP surface concentration (i.e
the number of NPs for surface unit) of different NP sizes. Enhancement of (A) Ti
II (311.76 nm) and (B) Ti I (319.99 nm) emission lines are shown. The error bars
represent the standard deviation.

Fig. 6.3: NELIBS enhancement as function of the Au surface concentration ex-
pressed as weight of gold deposited on the surface (mg/cm2) of different NP sizes.
Enhancement of (A) Ti II (311.76 nm) and (B) Ti I (319.99 nm) emission lines are
shown. The dot green circle highlights the chosen concentration of AuNPs for each
size.

6.2 Temporal Evolution of Plasma Parameters
In the first stage, we have measured the time evolution of plasma parameters. The
results are plotted in Figure 6.4, where the temporal evolution (A) of the plasma
temperature (T) and (B) of the electron number density (N𝑒) are reported for each
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Tab. 6.1: C𝐴𝑢 and C𝑁𝑃 𝑠 are the solution concentrations of gold and the AuNPs (in
terms of number of NPs for unit volume), respectively. Laser spot size of 2.2 ± 0.2
mm has been employed for the calculation of surface concentrations of Au (S𝐴𝑢)
and NPs (S𝑁𝑃 𝑠). Different drop volumes (V𝐷𝑟𝑜𝑝) of AuNPs colloidal solutions with
different sizes have been used to obtain a comparable surface concentration of Au
after deposition on surface:

NPs Size C𝐴𝑢 C𝑁𝑃 𝑠 V𝐷𝑟𝑜𝑝 S𝐴𝑢 S𝑁𝑃 𝑠

(nm) (mg/ml) (N𝑁𝑃 𝑠/ml) (µl) (mg/cm2) (N𝑁𝑃 𝑠/cm2)
10 0.060 5.94 · 10+12 2.5 0.0039 3.91 · 10+11

40 0.046 7.11 · 10+10 3.5 0.0042 6.56 · 10+09

60 0.043 1.97 · 10+10 4.0 0.0045 2.08 · 10+09

100 0.040 3.96 · 10+09 4.0 0.0042 4.17 · 10+08

NPs size in comparison to classical T and N𝑒 obtained with LIBS at the same
condition. The temperature was determined with Boltzmann plot equation 1.8, as
it was presented in the Section 1.2. The electron density was determined by Stark
broadening of the Ti II emission peak at 311.98 nm [70].

We have observed that plasma temperature and electron density values during
NELIBS are slightly higher than LIBS but do not vary significantly for different NPs
sizes. The negligible effect of the NP size on the plasma parameters suggest that
the main mechanisms of electron heating still depends on the photon energy [71],
rather than the intensity of the electromagnetic field of the incoming radiation.

6.3 Enhancement in Different Temporal Windows
In the second stage, we have observed the temporal evolution of NELIBS enhance-
ment, and of the Au I line emission, see Figure 6.5. This measurement relieved that
the NELIBS enhancement of various NPs sizes reaches its maximum at different de-
lays from the laser pulse. For example, NELIBS with AuNPs of 10 nm has a sharp
peak at 0.7µs. The temporal evolution of emission of Au I line suggests that bigger
NPs are able to survive in plasma for a longer time before they are fully vapor-
ized. However, all those differences occur in the range of the first microsecond after
the laser pulse. Thus, it is interesting to observe its effect on the time-integrated
measurement that is usually performed with a longer gate at a later delay.

We have compared NELIBS enhancement at two different delays from laser pulse:
0.3µs and 1µs with the gate width of 5µs in both cases, see Figure 6.6. In the case
of 0.3µs delay, the enhancement obtained with AuNPs of 10 nm is bigger than those
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Fig. 6.4: Temporal evolution of the plasma temperature and of the electron num-
ber density during LIBS and NELIBS with different AuNPs sizes. The error bars
represent the standard deviation.

obtained with the other AuNP sizes. This result correlates with result of different
temporal evolution curves, reported in Figure 6.5. Instead, by employing bigger
delay time of 1µs, the differences of enhancement caused by different NPs sizes
are not more visible, within the error bars of measurement. Thus, in this case, the
enhancement does not seem to be affected by the NPs size. This observation suggests
that the NPs size affects the dynamics of the ejection of material and consequently
the plasma evolution. However, the time-integrated enhancement with a delay of
1µs indicates just a negligible dependence on AuNPs size.

6.4 Effect of Laser Fluence and Spot Size Diameter
As we have discussed previously, the amount of ablated mass is not significantly
affected by the presence of NPs, see the Section 5.3. Thus there is a limit in en-
hancement efficiency that is dependent on ionization during LIBS. If the plasma
is already fully ionized during LIBS, NELIBS cannot contribute with further ion-
ization; thus, the enhancement is negligible. In the same way, if the NELIBS is
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Fig. 6.5: (A) Temporal evolution of the Ti II (311.76 nm) emission line enhance-
ment and of the (B) emission intensity of Au I (312.28 nm) at different sizes of
AuNPs.

Fig. 6.6: (A) Ti II (311.76 nm) and (B) Ti I (319.99 nm) emission lines enhancements
obtained with integrated measurements employing two different delay times, 0.3 and
1 µs, gate width was 5 µs, the laser spot size was 2.2 ± 0.2 mm. The error bars
represent the standard deviation.
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optimized to reach maximum enhancement, the plasma is fully ionized. Thus there
is also the maximum of enhancement that can be reached during NELIBS limited
by the amount of ablated mass. Thus the only way to increase the enhancement is
to ablate more mass.

To further investigate this phenomenon, we have performed two series of ex-
periments, where the parameters at the beginning were optimized to obtain the
maximum enhancement. We have firstly measured the dependence of the enhance-
ment on the laser fluence as shown in Figure 6.7(A) and (B). With increasing fluence,
more mass is ablated, thus also the enhancement increases. This trend is not influ-
enced by NPs size. During the second experiment, we have explored the influence
of the laser spot diameter on the enhancement, see Figure 6.7(C) and (D). In this
case, although the laser fluence and the NPs concentration are kept constant, the
enhancement increases with the enlargement of spot diameter. Also, in this case,
the enhancement increases because the higher amount of mass is ablated.

Fig. 6.7: (A) and (C) Ti II (311.76 nm) and (B) and (D) Ti I (319.99 nm) emission
lines enhancements as function of laser fluence (at fixed laser spot size 1.1±0.2 mm)
and laser spot size (at fixed laser fluence 16 J cm−2). Delay time = 1 µs, gate width
= 5 µs. The error bars represent standard deviation.
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To sum up, the results obtained during this study show that the NELIBS en-
hancement is very sensitive to the experimental conditions and several parameters
need to be taken into account when performing the NELIBS experiment. It has
been confirmed that the concentration of NPs is one of the most crucial parameters
as it is directly connected to NPs distance. Moreover, we had shown that when
the distance between the NPs dried on the sample is optimized in order to have
an efficient plasmon coupling with laser electromagnetic field, the different NPs size
does not affect notably the maximum signal enhancement. Regardless of the NPs
size, the enhancement as a function of concentration follows the same trend. The
NPs size influence only shifts the value of optimal concentration: larger is the NPs
size, greater is the optimal distance, and thus the optimal concentration is lower
and vice versa. A maximum enhancement cannot be exceeded regardless of the NPs
size when the experimental parameters are held. This is connected to the amount
of ablated mass that the NPs presence cannot increase.
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7 The effect on Aerosol Properties
Until now, we have been focused on the NPs effect on an earlier stage of the laser
ablation process. We have observed that NPs plasmonic coupling strongly influences
the properties of plasma and its dynamic. Those observations were based mainly
on the analysis of plasma emission spectra. Here, the focus will be pointed to the
latter stage following laser ablation, to the aerosol formation and its composition.
During my Ph.D., I took part in two studies devoted to this topic. The first of
them introduced NELA as a possible way how to improve the performance of LA-
ICP-MS. The results were published in the journal of Analytical Chemistry as a
pioneering study in the article: "Feasibility of Nanoparticle-Enhanced Laser Ablation
Inductively Coupled Plasma Mass Spectrometry" [5]. Those findings were further
extended by the detailed study of aerosol properties published in the Journal of
Analytical Atomic Spectrometry in the article "The effect of nanoparticle presence
on aerosol formation during nanoparticle-enhanced laser ablation inductively coupled
plasma mass spectrometry" [24]. As those works are an extension of the thesis topic,
the results will be discussing just breathy. However, I found it important to include
those results in the thesis as they give us an overall idea about the NELA mechanism.

7.1 LA-ICP-MS Sensitivity Enhancement
Considering the analysis of aerosol in the LA-ICP-MS system, the situation is more
complex than in the case of LIBS. The analytical response is related to the aerosol
formation and consequent aerosol composition rather than plasma composition. De-
tected mass is influenced by the loss of aerosol due to particle size, affecting the
transport to ICP and atomization. Different particle sizes are composed of different
elemental ratios, so the detected mass does not fully represent sample composi-
tion. In our study, we have shown that the use of NPs during LA can change the
structure and composition of aerosol and decrease the LOD of LA-ICP-MS. The pre-
sented method is called Nanoparticle-Enhanced Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (NE-LA-ICP-MS).

As a model example, the aluminum alloy AW 2030 will be presented here as
sample material. Its composition was certified by supplier as following: (wt %) Al
(92), Cu (3.9), Pb (1.2), Mg (0.8), Mn (0.6), and Fe (0.1). On a carefully polished
surface (see the Section 2.3 ) was deposited 5 µl drop of colloidal NPs, as an example
will be presented 40 nm silver NPs. More detailed information can be found in our
publication [5].

For NE-LA-ICP-MS analysis, the deposition of NPs raises a critical issue. As we
have seen at the beginning of Chapter 4, the NPs are heterogeneously distributed
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on the sample surface after the classical NPs deposition from the colloidal solution
in the form of a drop. NPs are concentrated at the border of dried drop, creating
the so-called "coffee ring." In NELIBS, this issue is usually overcome by ablating all
dried spot. Nevertheless, in the case of LA-ICP-MS, the laser is focused in much
smaller spot sizes, usually less than 100 µm. In our study, the spot size was set to
the maximal possible value of 100 or 110µm, and the rectangular isotopic map was
obtained covering all the drops, including the coffee stain and sample surface out of
the drop, as it is illustrated by Figure 7.1A.

Fig. 7.1: (A) Photograph of the ablated area with a dried drop of 40 nm AgNPs
and craters on the aluminum alloy (AW 2030) sample for a fluence of 4.5 J cm−2

and intensity maps with xy cross-sections for Mg (B), Ag (C), and Pb (D).

The measured time signal sections of the isotopes were set to match one ablation
spot. The measured intensities were plotted in the color maps, see Figure 7.1B, C
and D. The single measured line going through the center of the drop is shown for
the isotopic intensity of 208Pb at Figure 7.2. As the spot size was much smaller than
the size of the drop, we can see the influence of the diverse NPs surface concentra-
tion. The effect is supposed to be very similar to that in the case of NELIBS. In
the coffee ring, the concentration of NPs fulfills the required distance between NPs.
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Fig. 7.2: LA-ICP-MS intensity line of isotope 208Pb in aluminium alloy (AW 2030).
The green window underline the spots that were placed inside the drop.

Thus we can see here the strong enhancement of the isotopic signals. The enhance-
ment amplitude exceeds two orders of magnitude in the ring with the highest NPs
concentration. In the central part of the drop, the NPs were isolated due to their
low concentration, thus regardless of the fluence (see Figure 7.3), the central part
of the droplet provides a substantially lower element signals than the droplet ring.

To further compare the influence of NPs concentration with NELIBS, rough cal-
culations were performed. The threshold NP concentration from which the element
signals are enhanced was simply estimated by visual inspection of the analyte el-
ement signal (Pb, Mg, Cu, ...) and Ag or Au signals (cps) in the 2D maps and
selected cross-sections from the maps (examples of the maps and cross-sections can
be seen in Figure 7.1). First, it is necessary to recalculate the Ag or Au cps signal
to the local concentration of NPs. Based on the knowledge of the total NP num-
ber in the deposited droplet, which is merely equal to the product of the pipetted
droplet volume and the NP concentration declared by the manufacturer, the single
NP-related intensity of the Ag or Au signal was obtained by dividing the sum of
all measured Ag intensities (cps) over the dried droplet area by the total number of
NPs in this droplet. Now we know “how many cps’s correspond to one NP”. Sup-
posing a linear dependence of the Ag or Au signal (cps) on the number of AgNPs or
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Fig. 7.3: LA-ICPMS intensity maps of the selected elements for the droplet with
40 nm AgNPs and its rectangular vicinity for fluences of 0.2-4.5 J cm−2 on the
aluminum alloy.

AuNPs (may not be completely fulfilled for a high cps), the Ag or Au 2D intensity
map of the dried droplet can be converted to the concentration of NPs, c(AgNPs or
AuNPs). It follows from the experiment that 0.3 NP corresponds to 1 cps. Finally,
the moment of the sudden increase of the analyte element signal in the cross-section
profile can be read, as well as the corresponding Ag or Au signal. This moment
corresponds to (3−4.5) ·105 NPs per analyzed 0.1×0.1 mm2 square. The threshold
density is then (3 − 4.5) · 107 NPs mm−2. However, the yielded value suffers from
considerable uncertainty. We have obtained comparable results with the previously
measured calibration curve for 40nm AuNPs, see Figure 6.2 in the Chapter 6. Thus
these rough estimations confirm that the same phenomenon is behind the enhance-
ment in NELIBS and NE-LA-ICP-MS. Thus the enhancement of NE-LA-ICP-MS
is a result of processes strictly connected to the earlier stage of laser ablation and
plasma dynamic. However, the exact mechanism of enhancement cannot be simply
explained by NELIBS theory, and the effect of NPs on the formation, transport, and
ionization of aerosol should be investigated.
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7.2 Size and Composition of the Aerosol
To investigate the reason for NE-LA-ICP-MS enhancement, we have focused on
the NELA effect on a microscopic scale. A set of experiments was performed to
understand the influence of NPs on aerosol composition and structure. Aluminum
aloy BAM 311 was used as a sample material. For instrumental information see the
Section 2.2. During this study, the analysis of the sample with a cleaned surface was
compared to the surface analysis with deposited NPs of three different sizes: 10, 40,
100 nm.
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Fig. 7.4: Dependence of the particle number concentration (PNC) on the laser flu-
ence for a clean surface and surface covered with: 10 nm Au, 40 nm Au, 100 nm Au
NPs.

Firstly, the aerosol particle’s total particle number concentration (PNC) was
measured by a Condensation Particle Counter (CPC) in the range from 4 nm up
to 3 µm. Measured PNC was plotted in the dependence of laser fluence, see figure
7.4. In the case of analysis of bare surface, the PNC grows linearly with increasing
fluence, as expected for low laser fluences (up to 10 J cm−2). For analysis of a sample
with deposited NPs, the trend was modified. For very low fluencies, the PNC grows
steeply due to increasing NPs plasmonic coupling with an electromagnetic field. At
one point, the further NPs coupling cannot be exited, so the PNC growth stagnates.
However, even for higher fluencies, the PNC is higher with the presence of NPs. This
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increase in the number of the particle can be i) due to a higher amount of ablated
mass or ii) due to a change in the size of aerosol particles. Further experiments
were focused on aerosol structure and size distribution to uncover the origin of the
increase in PNC.

The Particle Size Distribution (PSD) was measured by Engine Exhaust Particle
Sizer (EEPS) within the size range of 5.6 - 560 nm. To compare the change in the size
distribution, the measured curves were normalized to the total number of particles,
see Figure 7.5. Accordingly to the previously presented theory, the variation of NPs
size does not significantly affect the PSD, as the plasmonic effect does not depend
on NPs size. For all the NPs sizes, a significant peak appears around the size of 15
nm. This size belongs to the primary condensed particles. For the larger particle
sizes, no distinct peak is presented. Even there is no visible increase due to the
presence of the original NPs size. This suggests that Au NPs do not occur alone
in the aerosol, but only as a part of the agglomerates or as a part of newly formed
particles formed by evaporation followed by condensation.
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Fig. 7.5: Particle size distribution (5.6-560 nm, arbitrary concentration units) of
LA and NE-LA aerosol using different sizes of NPs for fluences (A) 1 J cm−2 and
(B) 3 J cm−2.

The maximum at 15 nm gives evidence of the increased the total amount of the
small particles at the expense of the bigger ones. This clearly shows the difference
between the PSD of the aerosol generated by NELA and LA. During LA, the curve
has a typical bimodal PSD shape with a small peak at the very beginning of the PSD,
in agreement with literature [72, 73]. Particles belonging to the peak at 10 nm are
the smallest primary particles produced by evaporation and following condensation
of the material released during laser ablation. The second peak belongs to the
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primer particles on which the vapors condensed and increased their size. For higher
fluence, the vapor is denser; thus, the particles with condensed vapors grow to larger
sizes. Particles larger than 30 µm are produced by coagulation or agglomeration of
primary particles together with particles created during droplet solidification. Those
droplets originate from splashes of the melt from the crater, as the sample is heated
up during ns-LA consequently melted into a pool of melted components. This means
that the amount of aerosol particles larger than 100 nm is dependent on the degree
of sample melting.

Fig. 7.6: (A) Crater images by SEM for a fluence of 4.5 J cm−2 on the interface
of the droplet with 40 nm AgNPs (right) and the surface without NPs (left). (B)
Crater images and sections of the sample AW 2030 by optical profilometry for a
fluence of 4.5 J cm−2 without NPs and (C) with 40 nm AgNPs .

The ablation caters were visualized by SEM and a 3D optical microscope to
compare the degree of melting between NELA and LA, see Figure 7.6. It is visible
that the crater structure is strongly dependent on the presence of NPs. The crater
profiles reveal that the ablation with NPs on the surface created more regular and
smoother crater profiles than the one without NPs (7.6B and C). In Figure 7.6A, the
crater on the drop boundary is visualized. The crater area consists of two strictly
separated parts. The splashed area created by solidification of melt is typical for
craters on the bare sample. Contrary, inside the drop, where the NPs were presented,
the crater bottom is much smoother. This difference is connected to a different
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laser-matter interaction between LA and NELA. NPs protect the sample surface
from direct interaction and thus overheating. Thus, during NELA, more primary
particles are produced at the expense of larger particles formed by thermal effects.
Further, the crater volume seems to be comparable or even slightly lower in the
case of NELA, which is in agreement with the previous analysis of crater volume
during NELIBS. To this end, the enhancement of NE-LA-ICP-MS can be explained
by decreased aerosol particle size, which is more efficiently transported, evaporated,
and ionized in ICP-MS.

The formation of the smaller aerosol particle is also connected to the change in
the dynamics of aerosol formation. During NELA, it is assumed that the Au NPs are
either vaporized together with the sample and the vapors then condense together
in the nanoparticles, or only a partial evaporation occurs and can then serve as
condensation nuclei for the surrounding sample vapors. To further understand the
process of agglomeration, the aerosol structure was studied by SEM-BSE. Aerosol
particles from LA and NELA were collected on membrane filters for 30 minutes
using a laser fluence of 3 J cm−2. Particles originated from analysis of bare sample
surface create typical chain structure together with large spheres, see Figure 7.7A
and B. The typical chain structure is also visible in the images of aerosol after
NELA, although the number of the large spherical particle is strictly reduced 7.7C-H.
This confirms that thermal effects commonly present during ns LA are significantly
reduced by NELA. Moreover, those images reveal that a considerable number of NPs
are presented in the aerosol (in BSE mode, the material can be distinguished by
contrast, so the AuNPs display as a white spot). The size of those NPs corresponds
to their original size. This confirms that some of the NPs survive the LA process
unchanged, affecting all phases of the LA process.
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Fig. 7.7: SEM images of aerosol particles captured on the filter at a fluence of 3
J cm−2: clean surface (A and B), 100 nm NPs on the surface (C and D), 40 nm NPs
on the surface (E and F) and 10 nm NPs on the surface (G and H).
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8 Roughening vs. Nanoparticle Deposition
Until now, the phenomenons occurring during NPs enhanced laser ablation were
presented, completing a fundamental part of this work. Here, we will encounter our
plasmonic-enhancement theory with the other explanations of NPs enhancement.
However, the explanation of the phenomenon by plasmonic is comprehensive and
logical. Some other principles were discussed as a possible source of NPs enhance-
ment. For example, thermodynamic heat transfer from laser to nanomaterial has
been proposed as an alternative explanation of strongly enhanced emission at low
laser fluence [74, 75]. This appears as a result of NPs large percentage of surface area
to volume. So could it be NPs enhancement result of an increased sample surface
area capturing a higher amount of laser energy? To clearly answer this question,
we have explored the influence of surface area on the laser-matter interaction. The
obtained results were compared with the effect of NPs plasmonic interactions.

As is expected, the increased surface area enhances the analytical signal. See
figure 8.1, where an aluminum alloy sample with the roughened circular area was
analyzed by the LA method. Although the analyzed sample is homogeneous with
a uniform matrix, the roughened surface responds with strong enhancement. This
shows that the analysis of two samples with identical elemental composition can
result in different plasma spectra signals or aerosol compositions when surface prop-
erties or sample matrix vary. This result looks very similar to the NPs enhancement
at the first view. To clearly understand the origin of enhancement, we have per-
formed a systematic study of surface topography influence on LA in the article: "
Influence of sample surface topography on laser ablation process" published in Ta-
lanta [16].

8.1 The Effect of Surface Roughness
The influence of surface topography was explored for conductive aluminum alloy
BAM 311 and glass standard NIST 610. The composition of both material is guar-
anteed by supplier. The elemental composition of BAM 311 is printed in table 8.1.
The matrix components of NIST 610 are 72% SiO2, 14% Na2O, 12% CaO and 2%
Al2O3. The nominal mass fractions of 61 elements added to the glass matrix are in
the range of 100 mg/kg to 500 mg/kg.

Two sets, both containing 6 samples, were cut up from both materials. The
surface of each of them was treated to obtain different surface roughness, which
implicates various surface areas. The samples went through the process of wet
grinding and polishing to obtain for each set 6 samples, each with different surface
roughness. All process was performed very carefully with the aim to avoid i) any
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Fig. 8.1: Aluminum alloy sample with roughened circular area. The roughened
surface responds with strong enhancement compare to polished surface.

Tab. 8.1: Chemical composition of aluminium alloy standard BAM 311 in nominal
content in mass concentration percentages (Figures in small italic type are only
approximate.)

Li Be Na Mg Al Si Ca
0.00053 0.00052 0.0018 1.567 Bal. 0.204 0.00056

Ti V Cr Mn Fe Ni Cu
0.056 0.0240 0.104 0.694 0.310 0.052 4.653
Zn Ga Zr Cd Sn Pb Bi
0.200 0.0159 0.140 0.0013 0.0127 0.0504 0.0500

changes in micro-structure ii) introduction of contaminants to the sample surface.
More detailed information can be found in Section 2.3.

Tab. 8.2: Surface roughness measured by an optical 3D microscope for samples with
different grinding set up:

Ra [nm] #80 #220 #500 #1200 #2000 polished
BAM 311 2717.3 875.7 335.0 190.0 73.0 14.0
NIST 610 2601.8 514.5 136.8 24.2 8.1 1.2

Samples were analyzed by LIBS and LA-ICP-MS with the fluence range 10-30
and 1-13 J cm−2 respectively. Each measurement was the 100-spot average value
of count per second (cps) for LA-ICP-MS and of emission line intensity for LIBS.
The measured value of each surface with specific roughness was put in a ratio with
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the value of the polished sample. This ratio was, in the majority of cases, posi-
tive, so we call it an enhancement. We printed the enhancement as a function of
roughness for three different fluences in Figure 8.2. In the case of LIBS, irradiance
well above the breakdown threshold was used, so the effect of surface morphology
was not so significant as in LA-ICP-MS. In the case of aluminum alloy, the value of
enhancement strongly varies for each analyzed element. As an example, we can see
that enhancement of Al reach value 40, of Fe only 10 and of Pb signal even decrees.
However, in the case of NIST, the enhancement value vary slightly. This variation
can introduce a significant error in the measurement, where NIST with different
surface roughness than the sample is used as a standard sample. Because, due to
variation of enhancement trend for each element, different fractionation of elements
appears depended on the surface topography.

Fig. 8.2: The calculated enhancement for selected elements, materials and tech-
niques: (A) aluminum alloy BAM 311, LIBS, (B) aluminum alloy BAM 311, LA-
ICP-MS and (C) glass sample NIST 610, LA-ICP-MS.

99



This phenomenon is especially significant in the case of aluminum alloy. Thus we
will closely discuss the fractionation effect for this material. To explore fractionation,
we have expressed the total elemental representation from isotopic abundance for
each sample with different roughness, see Figure 8.3A. We can see that roughening
of the sample surface changes the ratio of the analytical signal, which represents
sample composition, similarly as an effect of fluence. The most significant changes
appear in analytical response at low fluences. To explore the ablation process, the
microstructure of polished surfaces was compared with images of ablation craters
after laser ablation of with fluence of 1 J cm−2, see figure 8.3B and C. Those images
reveal that the inclusion containing Pb and Bi (the most volatile elements with
low ablation threshold) are preferentially vaporized at low fluence forming volcano
features by an ejection of molten material. With increasing fluence, delivered laser
energy overcomes the ablation threshold of all presented elements, and the mass
percentages change. A similar effect can be ascribed to the roughening of a sample
surface.

Using similar logic like in the explanation of NELA, the enhancement of the
analytical signal can be explained by i) the increase of ablated mass or ii) by better
ionization of induced plasma in LIBS and by the production of smaller aerosol par-
ticles in LA-ICP-MS. The structure of aerosol captured on the filter was visualized
by SEM for polished and roughened sample, see Figure 8.4. The typical aerosol
preserves for both cases. Further, the craters were observed, see Figure 8.3D and E.
The crater images demonstrate that the material melted more with growing surface
roughness resulting in a formation of a higher quantity of particles.

To confirm this assumption, the ablated mass was measured by the DustTrack
DrX monitor. The aerosol mass-produced by LA of a polished sample and a sample
with the roughness #220 was measured for fluencies 1-13 J cm2 for aluminum alloy
and glass sample. The measured results are reported in Table 8.3. It was confirmed
that for roughed samples, more mass is produced. The amount of measured mass
was ten times higher for aluminum alloy and in order of unit for glass sample. These
values are roughly in agreement with the signal enhancement, so it is confirmed that
the enhancement is caused by higher mass production.

Additionally, reflectivity was measured as a potential reason for higher mass
production. The decrease in reflectivity increases the amount of radiation absorbed
by the sample surface. Table 8.3 reports change in degree of relative reflectivity
for #220 BAM and NIST 610, with respect to polished sample with reflectivity
set as 100%. The results of reflectance measurements showed 44% resp. 60% of rel.
reflectivity for sample #220 BAM, resp. NIST 610. Thus one reason for higher mass
production during ablation of a sample with higher roughness may be the reduced
reflectivity.
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Fig. 8.3: (A) The total elemental representation (expressed as a percentage of
sum of signal intensities) for BAM 311 sample with different surface roughness: 1
polished (14.0), 2 #2000 (73.0), 3 #1200 (190.0), 4 #500 (335.0), 5 #220 (875.7)
and 6 #80 (2717.3). (B) The image of a polished BAM 311 surface: EDX map
of elemental distribution. Cu (red) and Mg (turquoise) form dendrites. Bi and
Pb (green) are captured together in small inclusions within dendrites. Al (blue) is
mainly contained in the space between them. (C) SEM image of the polished BAM
311 sample surface ablated by 1 J cm2 spot by spot of 110 µm diameter. (D) The
SEM image of crater made by laser fluence 10 J cm2 on the alloy with roughness
and (E) polished surface.

The presented result shows that with higher surface roughness, the laser radiation
better couple with the sample surface, and thus more energy is captured. This energy
starts to accumulate in the apexes, where the ratio between surface irradiated by
laser and mass is higher. Ablation of the apex occurs with a higher probability.
With increasing surface roughness, this phenomenon starts to be dominant over
the preferential ablation of elements with a low melting point. As a result, more
mass is ablated, and preferential ablation is suppressed. As we have seen, more
ablated mass strongly increases signal in the ICP-MS system, but not so evidently
in the case of LIBS. The laser energy is captured with higher efficiency only at the
beginning of ablation. Afterward, the energy is not sufficient to hold the degree
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of plasma ionization; thus, the enhancement of plasma emission does not increase
linearly with ablated mass, and we observe a lower enhancement in the case of LIBS.

Fig. 8.4: The SEM image of aerosol on filter from alloy (A) polished (B) #220.

Tab. 8.3: Ablated mass (mg m3) during laser ablation with various fluencies (1, 3,
5, 10 and 13 J cm2) and reflectivity of polished sample and sample #220 (with the
highest enhancement in case of alloy):

NIST 610 (mg m3) BAM 311 (mg m3)
(J cm2) Polished #220 Polished #220

1 0.020 0.136 0.007 0.093
3 0.033 0.167 0.005 0.211
5 0.045 0.143 0.005 0.234

10 0.053 0.147 0.005 0.275
13 0.058 0.146 0.008 0.295

Reflectivity 100% 60% 100% 44%

8.2 Comparison
Having presented the study of enhancement due to increased surface area; we can
compare this phenomenon to the enhancement due to NPs plasmonic interactions.
By observing the ablation crater, we can see the first big difference indicating a
diverse ablation process. With the growing roughness, the material is clearly more
melted (Figure 8.3D and E). Contrary, the crater on a sample surface, where the
NPs were deposited, is smoother than the crater on a bare polished sample (Figure
7.6 and 5.6). This behavior is connected to the diverse mass production that has
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an impact on the amount of ablated mass, ionization degree of induced plasma, and
aerosol particle composition and size distribution (summarized in Table 8.4).

Tab. 8.4: Roughening vs. NPs deposition: Comparison of measured results for two
different surface treatment:

Roughening NPs Deposition
Optical emission enhancement Units (∼2) Tens to hundreds
Mass spectroscopy enhancement Tens (max 40) Units to tens
Ablated mass Increased Unchanged
Aerosol structure Unchanged Smoother

The previous experiments have shown that with increased sample surface area,
more mass is ablated. The SEM images of aerosol do not reveal any significant
change in aerosol structure, see Figure 8.5. Thus the enhancement, in this case, can
be simply associated with higher mass production. Therefore we observe a stronger
enhancement in LA-ICP-MS than in LIBS, where just a part of increased mass
participates in enhancement, as the energy is not sufficient to retain the ionization
degree of the plasma phase.

Fig. 8.5: Aerosol captured on filter visualized with SEM after ablation of (A)
polished surface (B) roughened surface (C) surface with deposited NPs.

In the case of NELA, the enhancement is based on a completely different prin-
ciple. The amount of ablated mass does not vary significantly, but the aerosol size
distribution is very different. During NELA, a larger number of small particles (<30
µm) is produced at the expense of a larger one, approaching mono-modal aerosol size
distribution. Smaller particles are more easily transported to ICP, where they are
more efficiently atomized and analyzed by MS. Moreover, NELA increases the de-
gree of plasma ionization, enhancing the optical emission of LIP without an increase
in ablated mass.
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The presented work shows that surface treatment is a very important parame-
ter during surface elemental mapping or single-shot analyses. In comparison, both
examined surface treatments works on different principle so can bring different ad-
vantages. By further investigation, suitable surface treatment can be proposed,
further increasing the e sensitivity of laser ablation methods and even suppressing
the matrix effect.
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Part III

Application
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9 NELIBS as Advanced Analytical Method
In this chapter, NELIBS will be presented as an analytical method for elemental
analysis. With the understanding of the main phenomenon of NELIBS, we will be
able to adequately explain the requirement for NP deposition and the optimization
of the experimental conditions. Next, the critical review of the NELIBS application
will be presented following with the new applications developed within the scope of
this work. The first presented application proposes the improvement for elemental
analysis of liquid in a very interesting system of amyloid fibrils. While this ap-
plication belongs to the elemental analysis method in analytical chemistry as it is
common for NELIBS applications, the second one widens the NELIBS field as a
potential sensing method. With a deep understanding of the NELIBS mechanism,
the NPs-protein, NELIBS was used as a method for investigation of NPs-protein
corona formation.

9.1 Sample preparation and parameters optimization
The previous chapter was devoted to the fundamental study. It has been shown that
the NPs plays a crucial role in all the stages accompanying NELIBS enhancement,
from the interaction of laser with sample surface to plasma properties and emission.
Therefore it is absolutely instrumental to pay extra attention to NPs deposition
optimization before using NELIBS in new applications. Moreover, extra attention
has to be paid to optimizing experimental parameters such as laser spot size and
energy. As it is commonly presented, no set-up modifications are necessary for
NELIBS. I would only mention that more attention needs to be given to focusing
the plasma emission on the optical fiber/slit of a spectrometer as NELIBS plasma
has a bigger size, as it was discussed in Section 2.1.

In the first step, NPs change the distribution of energy over the sample. This
phenomenon is caused by the plasmonic behavior of NPs. The plasmonic interactions
between NPs also protect them from immediate evaporation. Thus the plasmonic
interaction between NPs and laser has to be optimized in order to obtain maximal
enhancement. The NPs have to be carefully chosen to support plasmonic coupling at
the frequencies, including the frequency of the used laser. The results of our model
(Chapter 4) suggest that gold or silver NPs are suitable for laser wavelengths varying
from green to infrared. The diameter of NPs is suggested to be smaller than 100 nm,
as at this size NPs have typical plasmonic properties. No extra attention does need
to be paid to the NPs size variation as the enhancement of NPs in the range 10-100
nm does not change significantly after a delay of 1 µs (Chapter 6). On the contrary,
the NPs concentration optimization is absolutely fundamental as for proper NPs
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coupling, the optimal distance between NPs has to be reached see figure 9.1. This
came out from the assumption that the average distance between NPs is correlated
with concentration. For this reason, the curve of enhancement as a function of
NPs concentration has to build to find the point of maximal enhancement. For low
concentration, the NPs are too far each others to support plasmonic interaction. On
the other hand, when the NPs concentration exceeds some limit, the enhancement
dramatically decrease due to the tunneling effect between too close NPs, discussed
in detail in Section 3.4. For typical concentration curve, see Figure 9.1B.

Fig. 9.1: (A) Field enhancement as a function of interparticle distance [30]. (B)
NELIBS enhancement of Titanium with NPs of 20 nm diameter as function of NPs
concentration [62].

The optimal NPs concentration strongly varies depending on the parameters
influencing the drop-drying process, as divers deposition homogeneity can change
the way of NPs coupling. Thus, the new curve of enhancement as function of
concentration has to be built for each sample with different surface contact angles
even though the same NPs colloidal solution is used. The result of drop drying can
also be modified by using different capping agents in the NPs colloidal solution. In
this way, the coffee ring effect can be reduced by choosing a suitable capping agent,
and the more homogeneous distribution of NPs can be reached. Higher homogeneity
of NPs distribution secures that the same number of NPs interacts with laser, which
is necessary for reproducible enhancement drop by drop. Moreover, to ensure the
same number of NPs interact with the laser, the all dried spot can be ablated by
a single shot, which is usually done by defocusing the laser to the size of the dried
drop, see previously presented Figures 2.15 and 2.4.
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If the non-destructiveness of the method is not required, the focused laser beam
can be used for pre-cleaning the surface. The analyzed surface can be pre-ablated
with several pre-shots. The drop of colloidal solution of NPs is then deposited on the
created crater. The deposited drop naturally fills to the crater size due to a change
in hydrophobicity on the crater bottom, as previously described in Section 2.4. This
procedure decreases the level of possible contamination from the sample surface
and increases the reproducibility of the measurement. Additionally, it is essential
to avoid contamination from NPs solutions. Impurities from the solution naturally
attach to the NPs surface, and therefore they are efficiently ionized and atomized
during laser ablation. Commercially produced noble metal NPs are usually prepared
by reducing noble metal from their salt so that those solutions can be contaminated
with residual reactants. The use of NPs prepared by laser ablation of noble metals
in liquid can improve the situation [4]. Here, the impurities can be controlled, and
the capping agent can be chosen as desired [76, 77, 78]. Anyway, the NPs drop has
to be analyzed by LIBS before the experimental use to avoid spectral interferences
with the measured emission lines.

The optimal values of energy and spot size in NELIBS strongly differ from clas-
sical LIBS parameters. If the parameters are optimized for LIBS, usually the minor
enhancement is reached for NELIBS. The explanation of this phenomenon is pre-
sented in Section 5.3. The NELIBS enhancement is a result of more efficient ioniza-
tion and atomization of plasma. The induced plasma is well ionized and atomized if
the laser is focused in a small spot with high fluence. Therefore, in those conditions,
the number of emitters would not increase by using NELIBS, and the enhancement
would be minimal. Strong NELIBS enhancement appears only if the mass ablated
by laser is not fully ionized during conventional LIBS analysis. These conditions are
usually reached by refocusing laser to obtain large spot with lower fluence. A lower
value of fluence is also beneficial for NELIBS, as the fluence should be in the range
where the NPs are able to shield the electromagnetic field and do not evaporate
immediately. This NELIBS aspect is important to keep in mind while deciding if
it is reasonable the use of NELIBS in a real application. Even if NELIBS can be
highly beneficial for some applications; it can make the work just more complicated
without any real advantage for other applications. Therefore, the next section is
devoted to a critical discussion over possible applications.
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9.2 NELIBS Application: Mini-Review
NELIBS, for its relative simplicity, has gained massive popularity as an elemental
analytical method suitable for many kinds of material. A significant part of the
research in this field was devoted to the analysis of metallic samples. Plasmonic
active NPs deposited on conductive substrate create an ideal system for observing
NELIBS enhancement and the influence of the individual experimental parameters.
Although NELIBS of metallic samples reveals a great deal of information about
the fundamental processes, the field of application where the NELIBS shows an
advantage for analyzing a metallic sample is very narrow. In NELIBS, a laser beam
is defocused to cover with its spot size entire dried drop. This process increases
the reproducibility of an experiment, but more importantly, an optimum NELIBS
enhancement is achieved at these conditions. On the contrary, in a classic LIBS
analysis of metal, the laser beam is generally focused on a small spot with high
fluence. Thus a large number of spectra can be quickly obtained without any sample
preparation. From this point of view, a classical LIBS is more suitable than NELIBS
for a general analysis of metal. NELIBS gives advantages in special applications
mainly related to trace analysis of surface by single shot or a non-destructive analysis
of a sample surface, as in NELIBS, threshold energy is lowered and, consequently,
lower fluence can be used. For example, a promising application is the elemental
analysis of metallic samples in cultural heritage, or archaeology [66].

In general, NELIBS approach mainly brings advantages in particular kinds of
application, where helps LIBS to overcome some drawbacks and thus widens the
possibility of analytical performance. As an example, I will present applications
where NELIBS facilitates transparent sample analysis, strongly increases the sensi-
tivity of liquid analysis, or overcomes the issue connected to the analysis of biological
samples.

Analysis of transparent samples is considered to be very challenging for LIBS. A
laser can penetrate through the sample and create cracks. As a result, weak plasma
is induced, and the experiment suffers from poor reproducibility. The deposition
of NPs or a thin nanometer layer strongly improves analytical performance and
decreases the direct interaction of the laser pulse with the transparent medium
[27, 2, 79, 62]. In the case of NELIBS, the NPs are chosen in order to have plasmon
frequency in resonance with the used laser. Thus, during the interaction of the
superficial layer of NPs with a laser, most of the laser energy is absorbed by NPs.
Therefore, the sample is protected from direct interaction with the laser, and only
a few superficial layers of the sample are transported in the plasma phase. So the
analysis can be done on the sample surface with minimal damages. This approach
has already been successfully used, for example, for analysis of gemstones [2].
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One of the most valuable applications of NELIBS is the analysis of liquid solu-
tions. Classic LIBS is well established analytical method of solid samples, but in the
case of the fluid sample, it deals with several drawbacks. The direct laser-liquid’s
surface interaction results in splashing and bubble formation that can complicate
the detection and affect focusing optics of the LIBS instrument [80]. Moreover, most
of the laser energy is used in the vaporization of the solvent, and, consequently, a
significant loss of analytical sensitivity is commonly observed [81]. In laboratory
conditions, the analyzed liquid is transferred into a solid phase by drying a drop of
solution on a solid substrate. This approach leads to a dramatic improvement in
reproducibility. Moreover, the limits of detection decreases to the range of several
hundreds of ppb [82]. The sensitivity can be further improved by drying several
drops one by one on the same spot of the substrate. Virtually, the method of drying
several drops of solution does not have any sensitivity limitation, as long as there is
no restriction in the available amount of analyzed solution and no requirement on
analysis time duration. If only a few microliters of solution are available, sensitivity
can become a major issue in LIBS analyses.

It has been shown that the suitable choice or modification of the solid substrate
surface helps overcome this problem and thus facilitates the analysis of micro-drops
by LIBS. One of those methods is Surface-Enhanced LIBS (SENLIBS), where the
emission enhancement can be reached by use of conductive substrate [83] or by
deposition of the porous silicon layer [84]. Considering all these modifications, the
best results were achieved using plasmonic NPs, thus the NELIBS method. The
interaction of NPs further decrees LOD and even enables the detection of minor
elements not detectable with conventional LIBS [27]. For comparison of NELIBS
with different LIBS methods of liquid analysis, see Table 9.1.

To create NELIBS substrate for liquid analysis, NPs are deposited on the solid
non-conductive substrate, dried in small spots approximately 2 mm in diameter.
The drop of the liquid sample is then dried in the same place for the analysis. Al-
ternatively, it has been propose to use SERS substrate [85, 86] or to deposit sample
solution on the substrate nanowire coated with NPs [87] or the liquid solution can
be mixed with colloidal NPs before drying on the non-conductive substrate for anal-
ysis [88]. The use of NELIBS enables quantification of metallic ions in the level of
several ppb down to hundreds of ppt by employing micro-drops of solution [62, 86].
Moreover, it has been shown that the use of NPs enables detection of the molecular
bands’ emission [89]. In industrial applications, NELIBS has, for example, strong
potential to become an analytical method for water pollution analysis. NELIBS
performs with a comparable sensitivity with the one commonly obtained using ICP-
AES for the analysis of trace metal ions in water but with lower operational cost [90].
During my PhD studies, amyloid fibrils coated with gold NPs (AuNPs-amyloids),
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an advanced organic system for water purification, have been explored as a possi-
ble enhancer for quantitative metal ion detection in micro-drop solution [4]. This
perspective application will be introduced in detail within the next Chapter 10.

Tab. 9.1: Sensitivity comparition between LIBS method for liquid analysis:

Method Liquid Volume LOD [91, 92, 93, 94, 3]
LIBS performed directly on bulk of liquid solution:
DP-LIBS Bulk Liquid > ∼ 50 ppb
Transfer or convert to solid state:
LIBS of several drops unlimited > ∼ 1 ppb
LIBS ∼ µl > ∼ 100 ppb
SENLIBS ∼ µl > ∼ 1 ppb
NELIBS ∼ µl > ∼ 100 ppt

NELIBS is advantageous to SENLIBS because of the NPs effect on the processes
accompanying sample preparation and consequential ablation. While the drop liquid
is evaporated on the sample substrate with deposited NPs, the ions naturally attach
to the NPs surface. NPs can serve as nucleation point for growing ion salt or can trap
the ions on the surface. Thus, after drying, the ions from the solution are distributed
around the NPs, where the hot spots are located during laser ablation. This brings
two important advantages: i) analyzed ions are located in strong electromagnetic
field so they are very efficiently ionized and atomized that induce strong emission
enhancement; ii) all the analyzed ions are ablated with NPs as they are attached to
the NPs surface. This allows building more reliable and accurate calibration curves.
Moreover, the presence of NPs induces the creation of brighter and more stable
plasma than that obtained with LIBS where the ablated dried micro-drops create
plasma just from the mass of the dried material.This mass volume is usually too
low, and weak plasma is induced. In NELIBS, NPs feed the plasma with atoms,
ions, and electrons. Thus, NELIBS operates with a more stable plasma of higher
volume.

Analysis of biological samples and fluids are other fields where NELIBS can fa-
cilitate laser ablation with the resulting enhancement of plasma emission. Analysis
of organic samples by LIBS is challenging. A very weak plasma is usually induced
due to difficulty with ionization of organic and biological matrices that are charac-
terized by strong covalent bonding and elements with high ionization energy such as
carbon, nitrogen, hydrogen, and oxygen [95]. It has been shown that the presence
of NPs can improve LIBS performance also in this case. The NELIBS enhancement
was firstly observed on leaves of a plant to analyze their nutrients [96]. The ability
of NELIBS molecular bands enhancement is remarkably important for biological
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samples [89, 97]. For example, it was possible to compare the amount of protein in
tuna fish produced by different brands by examining molecular bands enhanced by
NELIBS [98]. Moreover, NELIBS strongly improved the possibility of metallic ions
detection in organic materials; for example, ions of Li were found in the purple bac-
terium Rhodobacter sphaeroides, and metals in human serum were quantitatively
analyzed [62, 99]. More recently, NELIBS enabled detecting and mapping of harm-
ful chemicals in vegetables and fruit [100]. Another study presented an exploratory
study of the feeding effect on recent and ancient bovine bones by NELIBS with the
help of chemometrics [101].

To conclude, the application of NELIBS has to be always chosen wisely with
awareness of its benefits and drawbacks. NELIBS, in comparison with LIBS, is
slightly more time-consuming due to sample preparation, its optimal experimental
condition strongly divers, and usually larger laser spots are employed. The main
source of NELIBS advantages lays in increased sensitivity of single-shot analysis
with reduced destructiveness. Thus, NELIBS can be used in applications where
only a tiny amount of sample is available, such as biological fluids, for precious
pieces where destruction is undesirable, such as gemstones or cultural heritage, and
for samples with low ionization efficiency, such as biological tissues. The popularity
of NELIBS increases with the reduced cost of NPs production. The innovation in
advanced techniques that facilitate the preparation of well-defined nanostructures
with low processing costs is crucial for the further development of new applications
in different fields and commercial use.
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10 Metallic Ions Quantification in Amyloid
Fibrils

During my Ph.D. studies, I took part in research focused on investigating NELIBS
as a method for metallic ions quantification in micro-liter drops using a novel system
containing amyloid fibrils in which AuNPs were directly grown. The amyloid fibrils
create functional material that plays a functional role as cellular and extracellular
materials in nature. Moreover, amyloid fibrils gains increased attention as artificial
nano-biomaterial that can promote progress and development in materials science,
nanotechnology, and environmental sciences [102]. In our study, we have taken a
system of amyloid fibrils developed to capture heavy metallic ions from the water
source, and we have introduced NELIBS as a promising method for detecting and
quantifying the ions directly in amyloid fibrils. The results were summarized in
the article: Application of gold nanoparticles embedded in the amyloids fibrils as
enhancers in laser-induced breakdown spectroscopy for the metal quantification in
microdroplets published in journal Spectrochimica Acta Part B [4].

10.1 Motivation
The development of novel material for water purification is extremely important, as
many of the major problems that humanity is facing in the twenty-first century are
related to water quantity and/or quality. For this reason, Clean Water and Sani-
tation have become the sixth goal of The Sustainable Development Goals (SDGs)
[103]. Although the human rights framework specifies that the water required for
each personal or domestic use must cause no threat to a person’s health [104]; three
out of ten people (2.1 billion people, or 29% of the global population) did not use
a safely managed drinking water service in 2015. To ensure water-provisioning ser-
vices, such as drinking water for all, a set of preconditions are: i) water needs to
be available; ii) water needs to be accessible; and iii) water needs to be sufficiently
treated. Water treatment relates to the importance of safe water, free of bacterial
contamination, free of heavy metals and harmful chemical substances, free of foul
odor, and possessing little to no turbidity.

The water treatment procedure is crucial as natural source water contains a wild
variety of pollutants from multiple sources. Although the water source can be natu-
rally contaminated (e.g., arsenic), the main threat is represented by pollutants from
industrial, domestic/municipal, agricultural, or pharmaceutical sources [105]. It is
estimated that well over 80% of wastewater worldwide (over 95% in some develop-
ing countries) is released into the environment without treatment [105]. Considering
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more than 100,000 registered chemicals, mostly used on a daily basis [106], we are
facing an enormous threat to human health and environmental stability.

In order to prevent the introduction of problematic chemicals into the environ-
ment and/or to develop an appropriate remediation technique, the detection and
quantification of water pollutants are crucial. Recent chemical water analysis is
based on several well-established laboratory-based analytical methods. To the most
common methods belongs inductively coupled plasma optical emission spectrometry
(ICP-OES), flame atomic absorption spectrometry (F-AAS), and graphite furnace
atomic absorption spectrometry (GF-AAS) [107]. Besides all these methods have
been successfully applied in the routine, some difficulties must be considered. ICP-
OES is a very expensive method that uses a high amount of argon gas, while F-AAS
and GF-AAS show a low analytical throughput due to mono elemental capability.
The increasing demand for water analysis requires the introduction of new methods
with a fast (real-time) response, high analytical throughput, fairly low operational
costs, and potential for in situ analysis.

As discussed in the previous chapter, LIBS is an analytical technique that can
fulfill those requirements but with reduced sensitivity. The use of NPs as a substrate
for analysis can remarkably improve the situation, so NELIBS has a great potential
to become a commercially used method for liquid analysis. In our study, we have
explored NELIBS capability during detection of metallic ions trapped in amyloid
fibrils, the promising material suitable for novel remediation technique development
[4].

10.2 Amyloid Fibril as NELIBS Substrate
Amyloid fibrils create a very interesting class of functional materials capable of
strong binding with metallic ions from water solution. This binding ability is ob-
served, for example, in neurodegenerative diseases, where the formation of amyloid
fibrils can be indirectly connected to the presence of heavy metals. For example,
amyloid-forming peptides have a binding capability for zinc metal ions, which can
catalyze fibril formation [108] or the toxicity of protein aggregates is due to the
binding of heavy metal ions to the peptides [109]. This ability of Amyloid fibrils
has been utilized in the development of advanced materials for water purification.
Amyloid fibrils in combination with activated porous carbon were used as inexpen-
sive hybrid membranes for removal of heavy metal ions, and radioactive waste from
water [110]. The analysis of water contaminants showed that 154 µg of KAu(CN)2,
10 µg of HgCl2 and 3.32 mg of Pb(C2H3O2)4 can be adsorbed by only 4 mg of
amyloid fibrils. Figure 10.1A shows the lead ion’s strongest binding motif for the
native 𝛽-lactoglobulin protein at the cys-121 residue (other binding events of lower
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energy at different residues are not shown). The metal ions–ligand docking for the
amyloid formed from the resulting segment (LACQCL) is shown in Figure 10.1B.
This demonstrates that 𝛽-lactoglobulin amyloid fibrils possess effective binding sites
capable of adsorbing multiple types of heavy metal ions, suggesting the generality
of the ion-binding process. This was further confirmed experimentally by running
systematic adsorption isotherms with the various metal ions [110].

Fig. 10.1: (A) Structure of the 𝛼-lactoglobulin protein with the strongest heavy
metal-binding motif highlighted, 121-cys, with a lead ion attached. (B) Amyloid-
forming 121-cys-containing fragment (LACQCL) from 𝛽-lactoglobulin with docked
Pb metal ions [110].

Besides of the capability to absorb a variety of metal ions, the amyloid fibrils are
able to reduce metal ions into metal NPs [111, 112]. With the suitable procedure,
the amyloid fibrils can be coated, for example, with gold NPs (AuNPs-amyloids).
For example, 𝛽-lactoglobulin amyloid fibrils are strong cationic polyelectrolytes, so
when they coexist with chloroauric acid in solution at pH 2, their surface tightly
binds the AuCl−4 ions [111]. The 𝛽-lactoglobulin further acts as a reducing agent for
AuCl−4 ions into gold nanoparticles. As a result, the gold NPs are homogeneously
distributed around the fibril. The presence of gold NPs plays a crucial role in the
elemental analysis of amyloid fibrils. As discussed before, biological systems, such
as amyloid fibrils, contain a high protein concentration that in general quenches
plasma, and therefore the sensitivity of LIBS decreases as a plasma emission is
weak. The presence of NPs in AuNPs-amyloids facilitates the ablation process and
enhances plasma emission, Figure 10.2. The spectral lines of the analyzed elements
are strongly enhanced, and, additionally, strong enhancement is also observed for
molecular band C2 coming from amyloids, see Figure 10.2. This shows that the
presence of NPs leads to more efficient atomization of an organic sample during
laser ablation and facilitates the elemental analysis of contaminants.
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Fig. 10.2: NELIBS of Cr(NO3)3 solution on AuNPs-amyloids and LIBS of Cr(NO3)3

solution on amyloids fibrils. The Cr concentration was 0.1 mg/kg and the sample
volume was 2 µl. The insets report the enlargement of the spectral region of the
emission lines of Cr.

Furthermore, the uniform distribution of NPs around amyloid fibrils facilitates
the deposition process. Considering the theoretical background discussed in chapter
II, the consequence rules about NPs organization lead to the maximal enhancement:
i) The optimal distance between NPs is smaller than the NPs diameter as at this
distance intensive electromagnetic field is induced between NPs. ii) Direct contact
between NPs should be avoided, as attached NPs acts as a metallic layer and do not
contribute to the plasmonic enhancement, iii) the spatial distribution of NPs after
drying should be homogeneous to ensure the constant enhancement at different po-
sition of dried drop and so to improve reproducibility. Inspecting the TEM images
of AuNPs-amyloids used in our experiment, it can be assumed that after drying, the
NPs are distributed around fibril with uniform inter-particle distance, and the direct
contact between particles is minimal, see Figure 10.3. Thus AuNPs-amyloids meet
requirements for plasmonic enhancement, which makes them an ideal candidate for
NELIBS analysis. The size of the NPs does not significantly influence the enhance-
ment, as it was previously shown in Chapter 6. Therefore to achieve the maximal
enhancement, the only parameter to optimize was the distance between NPs. As the
distance between NPs is correlated to the concentration of gold in AuNPs-amyloids,
the solutions of AuNPs-amyloids with different concentrations of Au were tested as
a substrate for NELIBS analysis.
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Fig. 10.3: Representative low resolution TEM of AuNPs-Amyloids deposited on
microscopy grids.

In this experiment, the AuNPs-amyloids were deposited on the solid support
to create a substrate for further metallic ion analysis. Two kinds of material with
different contact angles were tested as a solid support, glass, and parafilm. In the
case of glass, the deposited drop of amyloid spread to the large spot resulting in
pour quality of deposition, see Figure 10.4D. The parafilm as more hydrophobic
material was proposed as a solution to this problem. In this case, the drop gets
dried in a smaller spot, and the reproducible deposition was achieved, see Figure
10.4E. The parafilm with a dried deposited drop of AuNPs-amyloids was transported
to the glass support. The stability of the gold-protein bond in AuNPs-amyloids
ensures the endurance of dried drop during transportation. Moreover, the high
viscosity of the fibril solution allows a uniform distribution through the drop, and
strong attachment between gold and amyloid fibrils reduces aging and increases the
stability of the system even after drying on parafilm. For its advantages, this way
of AuNPs-amyloids deposition was utilized during all studies.

The four solutions of AuNPs-amyloids were synthesized by using various con-
centrations of HAuCl4, to find the concentration with an optimal distance between
NPs. Each of the solutions was characterized by inspection of surface plasmon reso-
nance spectra (SPR) printed in Figure 10.4C. The concentration of gold grows from
solution a to solution d. While solutions a, b, and c shows similar size distribution,
the shape of the SPR curve of solution d suggests that the aggregations of NPs
are presented. The SPR spectra were further inspected; see the table 10.1. All
the samples showed an SPR maximum that serves to characterize the properties of
metallic NPs. In the table 10.1, the wavelength at which the maximum of the sur-
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Fig. 10.4: (A) NELIBS Cr calibration curves by using different AuNPs-solutions
(reported in Table 1). (B) Cr I emission lines acquired by using AuNPs-amyloids
solution c at different Cr concentrations: 0.01, 0.03, 0.1, 0.2 ppm, respectively. (C)
SPR spectra of different AuNPs-amyloid solutions with characteristics as reported in
Table 1. The solutions a, b and c were diluted 1:10 with amyloid fibrils solution (0.2%
w/w 𝛽-lactoglobulin), the solution d were diluted 1:50. (D-E) AuNPs-amyloids
deposition on (D) glass and (E) parafilm.

face plasmon resonance (SPR) is located 𝜆𝑚𝑎𝑥 is reported for each solution, as well
as the absorbance at 450 nm and at 𝜆𝑚𝑎𝑥. Further, the diameter has been estimated
according to the relation between the absorbance at 𝜆𝑚𝑎𝑥 and the absorbance at
𝜆450 as a function of NPs size. The NPs concentration has been estimated with the
Lambert-Beer law applied to the absorbance at 𝜆𝑚𝑎𝑥 with calibration curve obtained
for NPs smaller than 35 nm in water solution [25, 113]. The calculated values of the
NPs diameter 2R and AuNPs concentration [AuNP] are printed in the table 10.1.
However, the used calibration curve was obtained in water without considering the
presence of proteins, calculation successfully captured the order of magnitude of the
NP size 2R and concentration [AuNP] as confirmed by comparing the Au concen-
tration (mg/ml Au from HAuCl4) used in the AuNP synthesis (Table 10.1) with
the Au concentration calculated by the SPR spectra. In the case of solution d, the
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obtained SPR curve with a red shift shoulder indicate the presence of NPs aggre-
gation, nevertheless an estimation of the size and concentration of spherical AuNPs
can be done. The size of AuNPs present in the solution d was approximately deter-
mined using a de-convolution of the SPR band in two curves: one belonged to the
spherical NPs the second to the aggregates. This approach indicates the presence
of large individual particles around 80 nm in diameter coexisting with clusters that
are responsible for the long-wavelength tail.

Tab. 10.1: AuNPs-amyloids solutions characterized from SPR spectra in Figure
10.4C. The concentration of Au employed for the NPs synthesis is compared with
the ones calculated from the AuNPs concentration obtained from the SPR spectra.
NP diameter (2R) and concentration of AuNPs are also calculated from the SPR
spectra [25]. The AuNPs surface density 𝜌𝑁𝑃 𝑠 is the number of AuNPs per unit
surface after drop drying:

[Au]
HAuCl4
mg/ml

𝜆𝑚𝑎𝑥

nm
Abs
𝜆450𝑛𝑚

Abs
𝜆𝑚𝑎𝑥

[Au]
SPR

mg/ml

2R
SPR
nm

[AuNP]
SPR
nM

𝜌𝑁𝑃 𝑠

N𝐴𝑢𝑁𝑃 𝑠/m2

a 0.17 528 2.3 2.9 0.17 6±2 162 7.6·1016

b 0.34 534 3.9 7.1 0.34 18±2 10 4.7·1015

c 0.50 537 4.9 9.7 0.44 26±3 4 1.9·1015

d 1.00 558 - 2.4 0.45 80±5 0.14 6.6·1013

The four solutions of AuNPs-amyloids were tested as a substrate for quantifica-
tion of Cr ions concentration in water solution to evaluate which concentration of
AuNPs in the amyloids fibrils gives the best results. Solutions containing concen-
trations of Cr ions in the range of 0.01 to 0.2 ppm were prepared from certificated
standards to build a calibration curve. A microliter drop of solution was deposited
and dried on a prepared substrate of AuNPs-amyloids, and all spot was ablated by
a single pulse with energy 450 mJ. The laser spot size was set to 2.2 ± 0.2 mm in
order to be larger than the dried drop size. The emission spectra were detected,
and the calibration curves were obtained by plotting the value of the emission peaks
area as a function of Cr ions concentration. In this way, the calibration curves were
built with each solution of AuNPs-amyloids, see Figure 10A. The intensity increases
linearly with the chromium content for all the AuNPs-amyloids solutions. Eval-
uating the calibration curve linear fit, the best result was obtained by employing
solutions b and c. However, the solution a give the highest surface concentration of
NPs after drying, the obtained Cr signal at each concentration was lower, and the
Cr calibration curve did not result in a good linear fit (R2 = 0.82). The reason lies
in the link between NPs size and distance. Even though the solution exhibits the
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highest surface concentration of NPs, those NPs give lower enhancement as they are
so small that their distance is, on average longer than their diameter. Last tested
solution d gave a significant NELIBS signal, although the aggregates were presented.
Nevertheless, this signal was lower than for the solution without aggregates, b, and
c. Therefore, solution c has been chosen as a substrate for ion analysis, considering
slightly better reproducibility and signal enhancement.

10.3 Quantification of Metallic Ions
Further, the AuNPs-amyloids substrate was utilized for quantitative analysis of Cr,
Pb, Tl, and Cd elements. The calibration curves for each element were built with the
same approach as described previously in the case of Cr ions, see Figure 10.5. The
solutions contented one of these elements were prepared from certificate solutions.
The prepared solutions were then deposited in the form of 2-3 µl drop on dried
AuNPs-amyloids. The drop was freely dried, all spots ablated by a single laser shot,
and the plasma emission spectrum was evaluated. The following emission peaks were
chosen for the evaluation of calibration curves: Cr I at 520.60 nm, Pb I at 405.78
nm, Cd I at 346.6nm and Tl I at 351.92 nm. For each element were calculated limits
of detection (LOD) and minimum detectable mass was determined, see table 10.2.

The calibration curves were obtained by plotting the value of the emission peaks
area as a function of the employed analyte concentration. The LOD were determined
by employing the following equation [17]:

LOD = 3𝜎𝑚−1 (10.1)

where 𝜎 is the standard deviation of background obtained in the spectral region
without any emission line and m is the calibration curve slope. The maximum peak
intensity was employed as a function of the analyte concentration to determine the
LOD.

Tab. 10.2: Spectroscopic data of the emission lines employed for the analysis and
calculated LOD:

Element 𝜆

nm
E𝑖

cm−1
E𝑢

cm−1
LOD
ppb

Absolute LOD
pg

Cr I 520.60 7593.15 26796.27 7 14
Pb I 405.78 10650.33 35 87.22 0.5 1.5
Tl I 351.92 7792.70 36199.90 5 15
Cd I 346.62 30656.09 59497.87 50 150
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Fig. 10.5: Calibration curves of Cr, Pb, Tl and Cd. The linear fit with the R-square
and the LOD for each element are also reported

The obtained results verify that AuNPs-amyloids can be used for quantification
of reported elements at sub-ppm down to ppb level, see the table 10.2. The highest
LOD were obtained in the case of Cd ions as a result of the less accurate calibration
curve, see the slope and the intercept in Figure 10.5. The properties of the calibration
curve were affected by choice of Cd emission line with high excitation energy. The
usually used resonance Cd line at 228.8 nm lies in the deep ultraviolet region, where
the used detector is unable to detect.

The presented work demonstrates the NELIBS capability of metallic ions quanti-
tative analysis with the use of AuNPs-amyloids. AuNPs-amyloids have been chosen
as an advanced nanobiomaterial with promising application in novel technologies,
mainly for water pollutant purification. Moreover, investigation of laser-matter in-
teraction in a system combining protein and inorganic metallic NPs can reveal im-
portant information about laser ablation processes in biological systems. Results of
our work demonstrate that the presence of an ordered array of AuNPs enables effi-
cient atomization of elements protein system and thus overcome the classical LIBS
problems with analysis of biological samples. This shows that NELIBS is a suitable
analytical method for the detection of elements in the presence of amyloid fibrils.
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11 Sensing of Nanoparticles-Protein Corona
As a second study devoted to the development of new applications of NELIBS, we
have focused our attention on exploring the ability of NELIBS beyond the clas-
sical elemental analysis. We have proposed NELIBS as a sensing method of pro-
tein corona formation around the metallic NPs in the article "Sensing nanoparticle-
protein corona using nanoparticle enhanced Laser-Induced Breakdown Spectroscopy
signal enhancement" published in journal Talanta [114].

NPs are widely used as a partner for biological and medical applications such
as sensors development, in vivo imaging agents, and drug delivery vehicles[115, 116,
117, 118], mainly for their unique nanoscale properties and their size similar to that
of biomolecules and organelles (Figure 11.1A). They are practically nontoxic and
easily functionalize with appropriate capping agents, thus their use in vivo causes
almost no harm to a living organism. Therefore, properly functionalized gold NPs
can create robust delivery systems, in which the gold core imparts stability to the
assembly, while the capping monolayer allows the tuning of surface properties, such
as charge, hydrophobicity and binding affinity [119, 120, 121]. During the delivery
process, NPs can also impart some beneficial properties, such as improved solubility,
lower dose, and enhanced bioavailability [122, 123]. Nevertheless, the drug delivery
methods based on NPs face the problem of non-specific proteins adsorption in the
presence of a real physiological solution. After entering the bloodstream, NPs are
immediately covered by hundreds of plasma proteins [124]. This is the reason why
NPs based methods of drug delivery show good results in vitro but struggle in vivo.

Therefore, understanding the interaction between the proteins and NPs surface
is crucial for NPs delivery. The absorption of proteins on NP is a dynamic process.
During this process, proteins replace ions, water molecules, and, in some cases, even
molecules of a capping agent. The most common capping agent used for stabiliz-
ing NPs in an aqueous solution is citrate that can be easily replaced by proteins.
When a certain concentration of proteins in the solution is reached, the surface of
a nanoparticle can be fully covered by proteins, with the so-called protein corona.
The number of proteins needed for corona formation depends on the size of NPs and
proteins. When the corona is created from the plasma proteins in the bloodstream,
the original properties of NPs are changed and, thus, the biological response is dif-
ferent. To avoid this problem, the corona can be formed in advance on the NPs
surface. To this end, albumin, the most abundant protein in the bloodstream, is
used [125, 126].

In our work, we have used the knowledge of enhancement mechanisms during
NELIBS to develop a new technique of protein corona sensing. The distance between
NPs during NELIBS is the key parameter influencing the value of the enhancement.
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The capping agent on the surface of NPs guides the process of drying and final
organization of dried NPs on the sample surface. Thus we can expect that the protein
attached to NPs directly affecting the enhancement value. We have performed the
first simple experiment that supported our assumption. We have observed that
the increasing value of protein concentration decreasing the value of enhancement
but at the point where the protein corona is formed, the enhancement considerably
increases its value, see Figure 11.1B. To further explore this phenomenon, we have
performed the following systematic study.

Fig. 11.1: (A) Comparison of the NP size (diameter 10 nm) with two different pro-
teins: Human Serum Albumin (HSA) and Cytochrome c (Cyt C). (B) Preliminary
results of HSA corona formation detected by LIBS.

11.1 Proteins and Nanoparticles
NPs used for the following experiments were produced by laser ablation in liquid
(PLAL) by the expert in the field Marcella Dell’Aglio [127, 76]. With PLAL it is
possible to produce AuNPs directly in water, without any stabilizer. In this study
the AuNPs were produced in deionized water with 100 µM of KCl. The naked
surface of these kind of AuNPs, allow the study of the protein corona formation
avoiding the interferences of the capping agents usually employed to stabilize NPs.
The produced AuNPs were opportunely diluted with 100 µM KCl or with 5 mM
carbonate buffer (pH 10.5) according to the use in further experiments. The con-
centration of AuNPs in solution was determined from SPR spectrum [25]. SPR
spectrum at Figure 11.2A shows a single plasmonic band, denoting well dispersed
NPs. The NPs were characterized by several techniques such as SPR, DLS, TEM
images, and 𝜁-potential measurements. Measured data are reported in Table 11.1.
The negative 𝜁-potential on NPs solutions indicates the high colloidal stability of
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Fig. 11.2: Characterization of AuNPs in 100 µM KCl: (A) SPR visible spectra
(dilution of sample is 1:13.5), (B) a representative TEM image, (C) AuNPs diameters
retrieved from TEM distribution size fitted with a log-normal distribution and from
the average of the whole set of measured NPs.

Tab. 11.1: Size (diameter) and 𝜁-potential of AuNPs. The error on diameters and
𝜁-potential is the standard deviation. For TEM, the mean from LogNormal fitting
and the average of the whole set of measured AuNPs with their respective standard
deviations are presented.

Diameter (nm) 𝜁-potential
DLS TEM (mV)

D D𝐿𝑜𝑔𝑁𝑜𝑟𝑚𝑎𝑙 D𝐴𝑣𝑒𝑟𝑎𝑔𝑒

AuNPs in 100 mM KCl 13 ± 2 9.2 ± 0.2 10 ± 3 −57.48 ± 1.5
AuNPs in 5 mM Carbonate buffer 14 ± 3 8.7 ± 0.2 10 ± 4 −55.72 ± 2.8

prepared AuNPs. NPs size was calculated from spectra and TEM images. The
NPs in KCl are visualized by TEM in Figure 11.2B, and their size distribution from
TEM images are plotted in Figure 11.2C. Obtained data were further filtered by a
log-normal distribution. The mean of the function is reported in 11.1 as 𝐷𝐿𝑜𝑔𝑁𝑜𝑟𝑚𝑎𝑙

with standard deviation taking into account the fitting quality. The size of NPs was
also measured by DLS as the hydrodynamic diameter and as the average size of all
NPs measured by TEM.

In the first stage, sets of solutions were prepared to contain AuNPs and two
different proteins, Human Serum Albumin (HSA) and Cytochrome C (CytC). These
two proteins have been chosen to take part in the tested systems for their similar
affinity to AuNPs and their different size, see Figure 11.1A. HSA consists of 585
amino acids with a molecular weight of 66.5 kDa and presents a single free cysteine
residue at position 34 (Cys 34) [128]. CytC is a low molecular mass protein (ca.
12 kDa) containing a heme group that is covalently bonded to two amino acid
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sequence cysteines. In this work, we use the Yeast iso-1-cytochrome c isolated from
Saccharomyces cerevisiae (YCc), which presents a free cysteine in position 102 (Cys
102). In the same cases, the interaction of the protein with NPs induces changes in
protein conformation, affecting their functionality. These proteins can often form
conjugates in which their nature is altered. However, in the case of HSA and YCc,
it has been demonstrated that their interaction with AuNPs induces only minor
conformational changes in 𝛼-helices meaning that they can proteins form stable
AuNP-protein conjugates [129, 130].

HSA was solubilized in the solution of 100 µM KCl. Afterward, AuNP-HSA
colloidal solutions were prepared by mixing an AuNPs solution in 100 µM KCl with
an appropriate amount of an HSA solution to obtain the desired [HSA]/[AuNP] ratio.
Two sets of solutions were prepared with two values of fixed AuNPs concentrations,
10.5 nM or 28.5 nM.

Cyt C was solubilized in the solution of 5 mM carbonate buffer at pH 10.5.
AuNP-Cyt C colloidal solutions were prepared by mixing an AuNP solution, with
adjusted pH to value 10.5 by carbonate buffer, with an appropriate amount of a
CytC to obtain the desired [CytC]/[AuNP] ratio. The AuNPs concentration was
fixed to 10.5 nM. It should be noted that the AuNP-CytC colloidal solutions were
prepared at pH 10.5 to obtain conjugates well dispersed in solution and to avoid
aggregation. AuNPs produced by PLAL are stable in solutions in a range of pH
between 4 and 11 [76]. However, in the presence of CytC the stability of the formed
conjugates has a strong dependence on the solution pH. It has been demonstrated
that AuNP-CytC conjugates prepared with YCc are stable at pH above 10, while
aggregation occurs at pH below 10 [130]. During our preliminary experiment, this
behavior was confirmed as at NPs aggregated at solution pH 7.0. Therefore, in the
following work, the AuNP-CytC colloidal solutions at pH 10.5 are used.

In order to reach equilibrium in the solution before measurements, the prepared
mixtures were kept at room temperature for 24 hours. Prepared AuNP-protein
solutions were visualized by TEM to measure the influence of protein interactions
on the shape and size of AuNPs. It has been observed that the presence of proteins
did not induce any change in AuNP size or shape.

11.2 Nanoparticle-Protein Corona
The protein corona formation is a dynamic process in which proteins can simul-
taneously adsorb or desorb to the surface of NPs depending on composition, size,
and surface charges. This process is influenced by the binding affinity and rate of
absorption of protein on the NP surface. After a certain time, the solution reaches
its equilibrium, in which protein absorption and desorption rates become equal, and
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the further exchange does not affect the composition of the corona [131]. Depend-
ing on the properties of protein and NP, the proteins usually interact with NPs
via hydrogen bonds, solvation forces, van der Waals or hydrophobic interactions,
and/or physical or chemical absorption [132, 133]. Proteins with high affinity to
the NPs creates a strong binding to the NP; thus, they reluctantly desorb from the
NPs surface, creating so-called “hard” corona [134]. For example, proteins with free
cysteine residues have a high affinity for the AuNPs’ surface due to the presence of
a single free exterior thiol. It has been demonstrated that those proteins are bound
to the AuNPs’ surface via long-range electrostatic and van der Waals forces at the
beginning of the interaction. The covalent AuNP-cysteine bound forms later during
the aging process (over weeks) of solution with a consequent protein deformation
onto the AuNPs [134].

The proteins used in our study, HSA and CytC, are both bound to AuNP via
their free cysteine residue. Although both proteins interact with NPs in a similar
way, they have considerably different sizes. Thus the number of proteins creating a
single corona on NP significantly varies for both of them. This means that in the
solution with a fixed AuNP concentration of the same size, a different concentration
of proteins is needed to form the layer of protein on each NP.

The concentration of HSA and CytC that forms a single protein corona on NPs
in the solution was theoretically estimated by geometric approximation [135]. The
proteins were considered as spheres with a radius of gyration 𝑅𝑔 calculated from the
protein structure.Thus the maximum number of binding proteins forming corona
(𝑁𝑔𝑒𝑜) was estimated as a ratio between the NP surface and the proteins cross-
section:

𝑁𝑔𝑒𝑜 = 4𝜋𝑅2
AuNP

𝜋𝑅2
𝑔

, (11.1)

where 𝑅𝐴𝑢𝑁𝑃 is the AuNP hydrodynamic radius measured with DLS, see Table
11.1. This simple geometrical calculation offers just a rough estimation as the real
number of protein forming corona depends on many variables such as the actual
geometry of the protein, which is usually globular rather than perfectly spherical,
the NP surface reactivity, and the protein-protein interaction. However, this rough
estimation is sufficient for the purpose of this paper, as it gives us a fast indicative
prediction of the protein concentration forming a single-layer protein corona:

[𝑝𝑟𝑜𝑡𝑒𝑖𝑛] = 𝑁𝑔𝑒𝑜 · [AuNP], (11.2)

where [protein] and [AuNP] are respectively the molar concentrations of protein
and AuNPs. The radius of gyration 𝑅𝑔, taken from previous studies [128, 131], has
been used for the geometrical calculation of the concentration of protein needed
for the formation of a single-layer protein corona. Further, 𝑁𝑔𝑒𝑜 and the relative
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concentrations needed to form a single layer of protein corona were calculated for
both proteins. The results are reported in Table 11.2.

Tab. 11.2: AuNP size and concentrations, protein gyration radii from literature
[128, 131], geometrical prediction of protein units and protein concentrations forming
protein single-layer corona:

[AuNPs] 𝑅DLS
AuNPs 𝑅HSA

𝑔 𝑅CytC
𝑔 𝑁HSA

𝑔𝑒𝑜 𝑁CytC
𝑔𝑒𝑜 [HSA] [CytC]

(nM) (nm) (nm) (nm) (mM) (mM)
1st case 10.5 6.5 2.6 1.39 25 87 0.26 0.92
2nd case 28.5 6.5 2.6 1.39 25 87 0.71 -

The formation of the protein-NP complexes in solution at different protein con-
centrations has been evaluated by dynamic light scattering (DLS) and 𝜁-potential
measurements (discussed later). SPR spectra were also analyzed to confirm the
protein-NP complexes formation and their stability as a function of time after the
protein corona formation [136, 137].

UV-vis SPR spectroscopy has been employed for monitoring the formation of
protein corona [138] and the stability of the formed protein-NP complexes solution
in times. As a matter of fact, the protein binding on the NPs surface leads to
a variation of the absorbance spectrum in terms of the redshift of the maximum
of absorbance and broadening of the absorbance band. The wavelength at the
maximum of absorbance is directly linked to the NPs size; the band broadening
instead is linked to the NPs size distribution. With the SPR spectrum is also
possible to control the state of aggregation of the NPs: shoulders in the red zone
of the absorbance band clearly indicate the formation of NP aggregates in solution.
Figure 11.3A shows the SPR spectra of bare AuNP in comparison with AuNP-
protein solutions at the protein concentrations needed for the corona formation,
[HSA] = 0.25 µM and [CytC] = 0.9 µM, as reported in Table 11.2. SPR spectra
of bare AuNP have a peak of the plasmon resonance band 𝜆𝑚𝑎𝑥 at 517 nm. In
comparison, this peak is red-shifted for both AuNP-protein solutions. The redshift
appears due to the variation of the refractive index of the NP surroundings, which is
evidence of protein presence on the NPs surface. Both spectra were measured after
the stabilization of the solution. The measurement of redshift as a function of the
time shows the process in which solution reaches its equilibrium 11.4.
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Fig. 11.3: (A) SPR spectra of AuNP, AuNP-HSA and AuNP-CytC solutions. Inset
reports an enlargement of the spectra in the maximum absorption region and the
corresponding wavelength at the maximum of absorbance, 𝜆max. (B) DLS hydro-
dynamic size distributions of AuNPs, AuNP-HSA and AuNP-CytC conjugates. The
inset shows the conceptual model for the geometrical calculation of the conjugate
diameter. (Data of AuNP solutions refer to AuNPs with KCl 100 µM, [AuNPs] =
10.5 nM, [HSA] = 0.25 µM, [CytC] = 0.9 µM).
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Fig. 11.4: Red shift of the wavelength of SPR band at the maximum of absorbance
(Δ𝜆𝑚𝑎𝑥 = 𝜆𝑚𝑎𝑥 -AuNPs+HSA − 𝜆𝑚𝑎𝑥 -AuNPs) as function of time after the HSA incuba-
tion. The added HSA concentration corresponds to the one useful to form a layer of
protein corona. AuNPs are characterized by a plasmon resonance band at 517 nm.

DLS was employed to quantify the variation of the hydrodynamic radius of the
protein-NP complexes as a function of added proteins concentration. It is well
known that when the proteins begin to be adsorbed on the NPs surface, the size
of the NPs increases until it stops when the binding absorption sites on the NPs
surface are saturated. If the coverage of proteins on the NPs surface corresponds to
a monolayer of proteins, the hydrodynamic radius holds a constant value even if an
excess of proteins is added concerning the number of proteins needed for the protein
corona formation.

DLS measured the size distributions of the bare AuNPs and AuNP-protein conju-
gates, see Figure 11.3B. An average diameter increases at the protein concentration
[HSA] = 0.25 µM and at [CytC] = 0.9 µM, verifying corona formation at these con-
centrations. In the case of AuNP-HSA conjugate, this diameter increase from 13±2
nm (bare AuNPs) to 21 ± 2 nm and in the case of AuNP-Cyt C conjugate to 18 ± 2
nm. The differences between the diameters of the conjugates and the bare AuNPs
are just comparable with the measured hydrodynamic diameters of HSA and CytC,
5.24 ± 0.08 nm and 3.2 ± 0.3 nm, respectively.

Moreover, 𝜁-potential was measured to monitor the surface charge variation of
the protein-NP complexes when different protein concentrations were added to the
solution of the bare NPs. The 𝜁-potential gives the information on the NPs surface
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charge, and it can be used to detect the binding of the proteins on the NPs surface.
As usual, NPs presenting large 𝜁-potential form stable dispersion in solution since
the nanoparticles tend to repel each other, preventing the aggregation eventually
followed by the precipitation of the aggregates. Once the proteins are added to
a stable solution of the bare NPs, negatively charged in the case of this work,
their absorption on the NPs surface determines a significant reduction of the overall
surface charge of the protein-NP complexes. When the binding sites of the NPs
surface are saturated, a 𝜁-potential plateau is attained corresponding to a monolayer
homogeneous protein coverage. The results are shown in the following section.

11.3 The Effect of Protein Corona on Enhancement
To explore the effect of protein concentration on NELIBS enhancement, the typi-
cal NELIBS experiment was performed on a titanium standard sample, see Figure
11.5. After 8 pre-shots on the cleaned sample surface, the 2 µl drop of NPs col-
loidal solution with a certain amount of protein was deposited on the created crater.
The whole droplet was contained inside the crater due to the difference in surface
hydrophobicity between the crater and sample surface. The drop was gently dried
with airflow, and then the whole drop was ablated by following the laser shot used
for NELIBS measurement.

Fig. 11.5: Photographs showing the NELIBS sample preparation from two angles
of view. 8 laser pre-shots form laser induced crater; 2 µl of colloidal solution is
dropped on a crater; after the drop drying, a further laser shot is employed for
NELIBS measurement.
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Fig. 11.6: Portion of the plasma emission spectra acquired during LIBS and
NELIBS of a Ti target. The three reported NELIBS spectra were performed with
AuNPs and with AuNPs + HSA at two HSA concentrations, 0.25 µM and 3 µM,
respectively. Emission lines belong to Ti I electronic transitions. ([AuNP] = 10.5
nM, 𝐸𝑙𝑎𝑠𝑒𝑟 = 360 mJ, laser spot size = 1.7 ± 0.1 mm).

The solutions of AuNP-protein with a fixed concentration of AuNPs and in-
creasing concentration of protein were analyzed by NELIBS and compared to LIBS
signal obtained at the same conditions, see Figure 11.6. All the visible emission
lines at this spectral window belong to Ti I electronic transitions. Comparing the
emission spectra in Figure 11.6, we observe two points: i) the NELIBS spectrum
has higher emission intensity than LIBS one, ii) the concentration of protein in the
colloidal solution affects the intensity of NELIBS spectra. To obtain more informa-
tion about the NPs and protein influence on plasma emission, the enhancement was
calculated as a line intensity ratio of Ti I at 462.31 nm obtained with NELIBS and
LIBS. Moreover, SPR (data not shown), DLS, and 𝜁-potential measurements were
systematically performed on each colloidal solution employed for the NELIBS mea-
surements. Since the solution was dried on a metallic sample to perform NELIBS,
TEM measurements of AuNPs with different concentrations of proteins were also
performed to determine the shape and structure of the AuNPs after drying.
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The first experiments exploring protein influence on NELIBS were performed
in the presence of HSA. Two sets of solutions were prepared to contain a fixed
concentration of AuNPs (10.5 nM or 28.5 nM) and varying protein concentrations.
As it was reported previously (Table 11.2) the different concentrations of AuNP
require different concentrations of protein to form a single layer of the protein corona.
The enhancement of Ti-substrate emission lines was plotted as a function of protein
concentration for both sets of solutions, see Figure 11.7. We can see the similar trend
for both sets of solutions, with maximum of enhancement around corona formation
according to Equations 11.2 ([HSA] = 0.26 µM for [AuNP] = 10.5 nM and [HSA] =
0.71 µM for [AuNP] = 28.5 nM).

Fig. 11.7: NELIBS enhancement as function of HSA concentration at two fixed
AuNP concentrations: 10.5 nM and 28.5 nM. (𝐸𝑙𝑎𝑠𝑒𝑟 = 260 mJ, laser crater diameter
= 1.5 ± 0.1 mm)

Further, the enhancement was plotted as a function of protein number per AuNP,
see Figure 11.8A. The graph reveals that the maximum of enhancement occurs for
the same number of proteins per AuNP, determining the number of proteins creating
corona as 𝑁HSA

𝑒𝑥𝑝 = 28±4. The obtained result is in good agreement with geometrical
calculated number of protein forming corona 𝑁HSA

𝑔𝑒𝑜 = 25, see Table 11.2.
The 𝜁-potential of the solution was measured to monitor the variation of the

AuNP-protein surface charge with increasing protein concentration, see Figure 11.8B.
NPs solution without presence of protein has a 𝜁-potential of about −57 mV, as re-
ported in Table 11.1. The addition of protein to the NPs solution directly influences
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Fig. 11.8: (A) NELIBS enhancement and (B) 𝜁-potential data reported as a func-
tion of number of HSA added at two fixed AuNP concentrations: 10.5 nM and 28.5
nM. (𝐸𝑙𝑎𝑠𝑒𝑟 = 260 mJ, laser crater diameter = 1.5 ± 0.1 mm). Red lines represent
fits to Langmuir adsorption isotherms.

the value of 𝜁-potential. As the proteins in the solution adsorb to the NPs sur-
face, the surface charge of the NP-protein conjugate dramatically decreases for both
tested AuNP concentrations. With increasing protein concentration, the 𝜁-potential
decreases until the proteins fully cover the NP surface. Further growth of protein
concentration does not decrease the value of 𝜁-potential, which stays constant for
the rest of the curve. Thus the point of 𝜁-potential stabilization demonstrates at
which concentration the protein corona is formed.

Once proteins interact with the bare NPs, their absorption on the NPs surface
significantly reduces the overall surface charge of the protein-NP complexes. When
the binding sites of the NPs surface are saturated, a 𝜁-potential plateau is attained
corresponding to a monolayer homogeneous protein coverage. The variation of 𝜁-
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Fig. 11.9: NELIBS enhancement as function of protein concentration (HSA, CytC)
at AuNPs concentrations at 10.5 nM and 28.5 nM. (Elaser= 360 mJ, laser spot size
= 1.7 ± 0.1 mm).

potential with the protein concentration can therefore be used to build a Langmuir
isotherm adsorption [139, 140][30,31]. In particular, here, the behavior of 𝜁-potential
as a function of the ratio [HSA]/[AuNPs] (number of added proteins) in this paper
has been fitted with the Hill equation in order to detect protein binding to NPs.
More information about fitting can be found in the original article [114]. This
method determines the formation of a single corona for the AuNPs size of 13 nm
above the geometrical prediction number 𝑁HSA

𝑔𝑒𝑜 = 25.
After measuring solutions containing HSA, all the sets of experiments were per-

formed for the AuNP-CytC system. The solutions were prepared with the fixed
AuNPs concentration at 10.5 nM and varying concentrations of CytC. The results
were afterward compared to the previously measured behavior of the AuNP-HSA
system with the same concentration of AuNPs.

Figure 11.9 shows the comparison of enhancement for both systems. In the
AuNP-CytC system, the enhancement rise appears at the concentration of protein
corona formation calculated by equation 11.2, similarly as in the AuNP-HSA system.
Although the concentration of AuNPs is the same for both systems, the peak is
shifted due to different protein sizes. Thus the number of protein creating corona
can be determined by inspecting the graph at Figure 11.10A, where the ehnancement
as a function of the the number of protein added to AuNPs solution is reported. The
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obtained number 86 ± 5 CytC units is in good agreement with the calculated one,
see the Table 11.2.

Further, the size of AuNPs-protein conjugates was measured by DLS as a func-
tion of protein concentration for both systems, see Figure 11.10B. The protein ad-
sorption on the NP surface increase measured size until the curve stabilizes, reach-
ing its plateau around 23 nm and 18 nm diameter for AuNP-HSA and AuNP-CytC
conjugates, respectively. The conjugate size at the plateau corresponds to the geo-
metrical sizes of the NP-protein systems, where a single layer of protein corona is
formed [139].

The formation of the corona is confirmed by 𝜁-potential measurement as discuses
previously, see Figure 11.10c. In the case of AuNP-CytC colloidal solution, at low
protein concentrations, initially, the decrease of 𝜁-potential appears, and then only
after a certain concentration is reached, the 𝜁-potential increases towards a plateau.
The initial decrease is caused by the presence of the carbonate in this colloidal
solution and its interaction with NPs and CytC.To sum up, the size and 𝜁-potential
data reported as a function of the number of proteins indicate the protein corona
formation in solution around the geometrical prediction protein number as 𝑁HSA

𝑔𝑒𝑜 =
25 and 𝑁CytC

𝑔𝑒𝑜 = 87 for HSA and CytC, respectively. These values are in very good
agreement with the value experimentally observed with the NELIBS experiment,
𝑁HSA

𝑒𝑥𝑝 = 28 ± 4 and 𝑁CytC
𝑒𝑥𝑝 = 86 ± 5 for HSA and CytC, respectively.

The reported data clearly show that NELIBS can be used for protein corona sens-
ing. Moreover, understanding the phenomenon occurring in the solution gives us a
clue in explaining why the NELIBS enhancement depends on protein concentration
in the colloidal solution used as an enhancer. Increasing the protein concentration,
we first see the decrease of enhancement. After around the concentration of corona
formation, we observe a significant enhancement increase. With further protein con-
centration growth, the enhancement decrease again. This trend that is the same for
both protein systems is related to the different organization of AuNPs clusters after
drop drying on titanium surface. TEM images of solutions with different protein
concentrations also supported this explanation, see Figure 11.11. The organization
of NPs was investigated i) for AuNP-HSA system at HSA concentrations: 0.1, 0.25,
0.4 and 1 µM and ii) for the AuNP-CytC system at four CytC concentrations, 0.4,
0.9, 1.5 and 2 µM. At the low concentration before corona formation (0.1 µM HSA
and 0.4 µM CytC) the large multi-layer aggregates form. This is connected to the
decrease in 𝜁-potential (Figure 11.8 and 11.10). This indicates that the NPs are
partially neutralized, so they create aggregates more often during drop drying. The
aggregated NPs are less stable to the laser irradiation due to the tunneling effect,
decreasing the enhancement. Around the corona concentration (TEM images of
0.25 µM HSA and 0.9 µM CytC), the proteins fully cover NPs. That prevents NPs
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Fig. 11.10: (A) NELIBS enhancement, (B) hydrodynamic diameter and (C) 𝜁-
potential data reported as a function of the number of proteins for two different sets
of samples obtained adding HSA or CytC at the solution with fixed concentration
of AuNPs (10.5 nM). (𝐸𝑙𝑎𝑠𝑒𝑟 = 360 mJ, laser crater diameter = 1.7 ± 0.1 mm). In
(A) the error bars on the x axis for the experimental determination of number of
protein needed for the corona formation are also reported.
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from aggregation, and the size of protein establishes a distance between NPs in the
nanometer range after drop drying. Thus those NPs support more efficiently
plasmon coupling, so we see the enhancement increase at the concentra-
tion of corona formation.

With increasing protein concentration, the number of proteins per particle ex-
ceeds the number needed for corona formation. Proteins in excess surround the NPs
after drying, increasing the distance between NPs, which disables efficient plasmon
coupling. The increase of inter-particle distance is visible at TEM images of the
solutions containing 0.4 and 1 µM of HSA or 1.5 µM 1 and 2 µM of CytC. More-
over, as we have discussed in the previous chapter 10, the presence of protein on
the sample surface during LA quenches the formation of plasma. As a result, the
enhancement decreases again.

To sum up all the observed results, this systematic study reveals a correlation
between NELIBS enhancement and the structure of the NP-protein conjugates that
can be used for protein corona sensing. This idea comes right from the principle of
NELIBS enhancement, which was presented in the previous part of this thesis. NPs
enhancement is based on plasmonic interaction between NPs. To obtain efficient
plasmon coupling, the distance between particles has to be optimal. The presence
of protein corona on the NPs surface enables to hold this optimal distance for a large
number of NPs. Thus the NPs plasmonic effect is more efficient at the protein corona
concentration, and we see significant enhancement of plasma emission. Vice versa,
by observing this enhancement increase, we can detect protein corona formation.
Thus in this study, we have extended classical use of laser ablation technique for
elemental analysis to the sensing of protein corona formation in the AuNP-protein
system.
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Fig. 11.11: TEM images of (A) the AuNP-HSA complex and (B) the AuNP-CytC
complex at four protein concentrations,(A) 0.1, 0.25 , 0.4 and 1 µM and (B) 0.4,
0.9 , 1.5 and 2 µM, respectively. The two rows of the figures present two different
magnifications of the same sample.
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Conclusion
In the last few years, we have witnessed a widely increasing number of publications
devoted to NELIBS applications. The strong enhancement of the LIBS performance,
created just by a simple NPs deposition, is extremely attractive. In some applica-
tions, NELIBS, with its low operation cost, is able to compete in sensitivity with
other methods of analytical chemistry. Nevertheless, as NELIBS optimal experi-
mental conditions differ from LIBS, we should always evaluate when NELIBS use
is really beneficial. The main difference between LIBS and NELIBS lies in diverse
ablation processes caused by diverse energy distributions due to the NPs interaction
with laser. The change in energy distribution directly impacts the plasma formation
and consequent plasma properties and, therefore, the plasma emission. Thorough
understanding of the principle of NELIBS enhancement is essential to know when
the use of NELIBS is appropriate and how the experimental parameters should be
optimized. The presented thesis combined the theoretical description with experi-
mental observation in order to explain NELA enhancement phenomenon. Thus the
presented studies and their connection revealed a comprehensive theory clarifying
the NELA enhancement principle. The obtained knowledge was further used for
new applications development.

In this thesis, the rigid theory was built describing laser-matter interaction in
the presence of various NPs arrangements that can be observed on sample surface
after drying of NPs colloidal solution. Firstly, the laser-excitation of surface plasmon
polaritons in NPs was described by the theory based on principles of plasmonics.
This theory shows that plasmonic interaction between adjacent NPs enhances elec-
tromagnetic field in the NPs vicinity. This field enhancement is a function of the
NPs distance. This points out that the concentration of NPs and their distribution
on the sample surface before analysis are crucial parameters influencing NELIBS
enhancement. Further, the model based on variational method was developed for a
fast plasmon frequency estimation of complex NPs arrangements. Obtained results
explained why the NELIBS enhancement occurs for a wide range of laser wave-
lengths.

In the next step, the phenomena behind NELIBS enhancement were phenomeno-
logically studied and put in context with theory. If the same experimental condi-
tions are held, the energy delivered to the sample during LA is comparable for LIBS
and NELIBS. Thus we have assumed that there is no significant increase in the
mass ablation rate. To confirm this assumption the ablation crater topography was
measured. The crater bottom after NELIBS was less melted than after LIBS, but
with the comparable crater volume. This suggests that in the presence of NPs, the
ablation mechanism is changed, and that the possible increase in ablation rate is
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too little to explain the strong plasma emission enhancement. Moreover, some NPs
were found on the crater bottom after laser ablation. This has been assigned to their
plasmonic properties that protect them from immediate evaporation. Other exper-
iments revealed that a part of NPs is transported into the plasma phase, changing
properties of induced plasma. These observations lead to the conclusion that the
enhancement in NELIBS appears due to a more efficient ionization and atomization
of species in the plasma phase.

The further experiments were focused on the exploration of the properties of
aerosol formed during plasma decaying. It has been found that enhancement of
cps appears in LA-ICP-MS when the NPs are present on the surface during the
LA process. This enhancement was assigned to the shift in curve of aerosol size
distribution toward the smaller particle, since no significant increase in ablated mass
was observed. This observation is in good agreement with the principle of NELIBS
enhancement. Finally, the NELA was compared to the signal enhancement due to
mechanical modification of the sample surface. This comparison of results suggest
that the NELA enhancement is exclusively caused by plasmonic interactions between
NPs.

The final part of the thesis is devoted to the NELIBS applications. A detailed
list of the rules that should be fulfilled for each NELIBS experiment was compiled
according to the previously presented theory. Based on a critical review of NELIBS
applications, it reveals when the NELIBS brings advantages to the elemental anal-
ysis. Finally, two NELIBS applications were introduced. The first investigates
NELIBS as a method for metallic ions detection in amyloid fibrils, an advanced
bio-material for water purification. The metallic ions were detected and quantified
in the micro-drop solution volumes with LOD at the sub-ppm level. In this appli-
cation, NELIBS overcame classical LIBS problems with the analysis of liquid and
organic samples. LOD were improved to the extent that NELIBS sensitivity became
comparable with other commercially used techniques, such as ICP-OES/MS. The
second study introduces NELIBS as a new method for nanoparticle protein corona
sensing. This newly developed method extended the classical use of NELIBS from
elemental analysis to the use as a sensing tool.

The presented thesis improved the understanding of the origin of signal enhance-
ment in NELIBS and NE-LA-ICP-MS. The results of both techniques seem to be
in good agreement; however, the experimental parameters were different for both
techniques. Consequently, in the future experiment, I would suggest following all the
stages of NELA on a hyphenated system combining LIBS and LA-ICP-MS. In such
a system, the influence of NPs could be examined in each stage following LA at the
exactly same experimental condition. Much information would be obtained within
a single experiment: plasma temperature and electron density from plasma emis-
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sion, plasma size and aerosol condensation by shadowgraphy, aerosol composition
in ICP-MS system and size distribution in EEPS, etc. The obtained results would
further clarify the connection between previously separately measured phenomena.

Further development of NELIBS application depends on the optimization of NPs
deposition. Current sample preparation includes the NP deposition from colloidal
solution. However, this deposition method is used for its simplicity, and it introduces
a significant source of error. As we have witnessed during the presented applications,
the self-organization of NPs on the sample surface in the presence of proteins can
improve reproducibility and the value of the enhancement. This suggests that the
performance of NELIBS can be further improved by the development of new methods
for nanostructure deposition. For example, the substrate with a regularly distributed
nanostructure in the optimal distance could be used in other application areas, such
as the analysis of biological tissue slices. With the fast-developing nanostructure
preparation and reduction of its cost, the new applications of NELIBS and NE-
LA-ICP-MS will surely appear. Moreover, with the increasing reproducibility of
measurement, both techniques have a high potential to become commercially used
methods in the near future.
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