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Chapter 1

Introduction

Nowadays, nanomaterials is an intensively investigated field. Systematic studies of
material properties, related with scaling-down the product size, and constant pro-
gresses of nanotechnology, led to successful integration of nanosystems in a daily use,
and their applicability is constantly expanding.

Due to the reduced size of the system, nanostructures benefit of unique optical, electri-
cal, magnetic and thermal properties which are exploited for a wide range of different
applications. For instance, in medicine, metal nanoparticles can be applied in pho-
tothermal cancer treatment, with the advantage to prevent undesired side effects, due
to the localized light-to-heat conversion [1], or in tissue engineering, where nanos-
tructures of silver and particular metal oxides are used because of their antibacterial
activity [2].

Moreover, metallic nanoparticles are known for an unique optical property, called lo-
calized surface plasmon resonance (LSPR). This phenomenon occurs when the light
source irradiates nanoparticle and collective oscillations of free electrons are induced.
As a consequence, electric field is strongly amplified in the proximity of the nanopar-
ticle. This effect is advantageously applied in different areas such as optical systems
[3, 4] or medical diagnostics [5-8].

Recently, sensing and detection methods started to use nanoparticles assemblies as
an useful tool to overcome limitations of the conventional spectroscopies, improving
the performance of analysis and extending the range of applicability. For instance,
a variety of silver nanostructures of different shapes, had been successfully employed
as a source of enhancement for Raman Scattering signal [9, 10]. In this way, this
method allowed to detect concentration of analyte molecules as low as 1070M [11].
Meanwhile, various nanostructured silver surfaces, such as nanopatterns [12] and thin
films [13], had been applied as matrices for MALDI MS. Different conventional organic
matrices are often suitable for detection of specific analytes only [14], while matrices
with silver nanoparticles can be used for detection of molecules in a wide range of
masses with possibility of MS imaging [15, 16].

The goal of this project is to fabricate efficient plasmonic substrates and matrices with
silver and copper nanoparticles of various sizes. A magnetron-based gas aggregation
technique is employed [17] for synthesis of nanoparticles with high chemical purity
and monocrystalline structure [18].

Although copper has a strong plasmon response and it is a less expensive alternative
to silver, a practically important issue is the rapid oxidation, occurring when this
metal is exposed to oxygen-rich environments [19, 20]. Presence of the copper ox-
ide phase significantly affects the plasmon band, limiting the functionality of copper
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nanostructures. [21, 22]|. In order to identify changes in the composition of copper
nanoparticles, stored in ambient atmosphere, periodical XPS measurements are per-
formed. Moreover, the evolution of their plasmon band is analysed by monitoring
the LSPR spectra for a period of six months. Different approaches to protect cop-
per nanoparticles from oxidation, such as formation of passive coatings [23, 24|, had
been presented. In this work, post-deposition treatment in UV-ozone environment, is
tested. The resulting formation of an oxide shell prevents from reactions with chemical
species, and it improves the stability of plasmonic properties of copper nanoparticles,
as already reported by Popok et al. |25].

The possibility to enhance the detection signal in SERS is explored using plasmonic
substrates, produced in this work. Different parameters, as nanoparticles size and
surface coverage, are considered to obtain high enhancement factors.

Similarly, matrices of silver nanoparticles are tested for the efficient detection of lipids
with MALDI MS, analyzing the influence of different sizes of nanoparticles on the
signal intensity. The capability of this type of matrices to detect small molecules was
already demonstrated [26], where a correlation between quality of the mass spectra
and nanoparticles size is emphasized. The possibility to reproduce the mass spectra of
lipids with matrices of copper nanoparticles, is also investigated. Copper-containing
MALDI MS matrices had been already tested in a few studies |27, 28].

The interaction between laser source and silver nanoparticles, during MALDI MS
experiments, is studied in order to observe possible structural changes of nanostructres
due to the irradiation [29].



Chapter 2

Metal Nanoparticles for Enhanced
Sensing

This chapter discusses properties and methods of synthesis of nanoparticles, with a
particular focus on the application in sensing and detection methods, which is main
motivation of the project.

The distinct properties of metal nanoparticles, related with a size reduction, are intro-
duced in the beginning. Particularly, the localized surface plasmon resonance (LSPR)
effect, exhibited by metallic nanostructures, is presented together with its advan-
tageous application in Surface Enhanced Raman Spectrocopy (SERS) and Matrix
Assisted Laser Ionisation Desorption Mass Spectroscopy (MALDI MS).

Following section is about synthesis methods of nanoparticles, in which chemical and
physical approaches are introduced. The formation of metallic clusters from the gas
phase, utilizing magnetron sputtering, has a particular attention. Influence of the
process parameters on the product particle size is also discussed.

The section about oxidation of copper is included as this metal is a great candidate
for LSPR effect but its performance has a tendency to be strongly affected in ambient
atmosphere.
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2.1 Properties of Metallic Nanoparticles

Aggregates consisting of countable number (from two up to several hundred thousand)
atoms (or molecules) are referred to clusters. [30] It can be formed either from one
chemical element or different species and are considered as an intermediate form of
the matter between discrete atoms (or molecules) and a bulk. Clusters with sizes
ranging in nanometre scale are named nanoparticles. In this work, metal particles
in diameters from 7 to 26 nm are investigated. Thus, terms of metallic clusters and
metallic nanoparticles have an equal meaning.

Physical properties of metals are strongly affected by the size of the system, resulting
in unique behaviour of metallic nanostructures. The first consequence, rising from the
reduced size of metal nanoparticle, compared with the bulk metal, is the discretization
of the electronic structure, due to the confinement of the electrons.

The finite spacing between consecutive electronic states of nanoparticles, §, was in-
troduced by Kubo [31]:

5=4EF/3’H (2.1)

where ¢ is Kubo gap, Er is the Fermi energy of the bulk metal, and n is the number
of valence electrons in the metallic nanoparticle.

As a consequence of the separation between energy states, the electrical conductivity of
finite size metal nanostructures changes significantly compared with the corresponding
bulk system. For this reason, the Kubo gap is considered as a criterion to predict the
behaviour of metal nanoparticles at different temperatures. The metallic particles are
considered as electrical conductors if the relation 6 < kT (kp - Boltzman constant)
is satisfied [32]. The Eq. (2.1) is instructive to estimate Kubo gap for nanoparticles of
certain metal and with determined size, for instance, silver particle with a diameter of
3nm consists of ~ 10% atoms, and its Kubo gap value would be ~ 7meV. At the room
temperature, it is lower than kg7 (~ 25 meV) and thus Ag nanoparticle is defined as
metallic (electrical conductor). Smaller nanoparticles (which is equivalent to the lower
number of valence electrons, n) require higher temperatures to satisfy the condition
of metallicity, thus at room temperature they can behave as insulators due to large
Kubo gap (Fig. 2.1).

Indeed, emergence of metal-to-insulator transition, due to shrinking the size of the
metallic system, was experimentally observed. For instance, an increase of core-level
binding energy was found when the size of palladium and silver clusters was reduced
[33, 34]. In these studies, the palladium clusters with diameter of ~ 1 nm had binding
energy 1.2eV higher than the bulk metal value, manifesting non-metallicity.

Furthermore, the reduction of size of the metallic structures had been found to result
in lower melting temperatures. Experiments with gold nanoclusters showed a decrease
of melting temperature of down to 300 K for the smallest investigated size (several tens
A). This temperature is drastically lower than melting point of bulk gold (~ 1300 K).
The observed trend was in the agreement of size-scaling law T ~ 1/R, valid in a large
cluster regime (>10* constituent atoms). [30]

However, the melting temperature of small clusters (~ 10? atoms) does not evolve
monotonically with reduction of size but is rather dependant on the complete forma-
tion of the outer layer of the cluster. Investigation of sodium clusters, consisting from
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FIGURE 2.1: Representation of the increase of Kubo gap, ¢, related
with a reduced size of the metallic systems (upper row)

several tens up to few hundred atoms, demonstrated evident peaks and minima of
melting temperature [35]. The change of cluster size by few atoms resulted in melting
temperature deviation by ~10 %. It was attributed to mobile surface atoms of icosa-
hedrons with incomplete outer shell facilitating melting process. Meanwhile, clusters
having fully closed icosahedra structure require higher melting temperatures.

Beyond aforementioned changes of metallic properties, particle size reduction also af-
fects the metal-light interaction. Free electrons of nanoparticle interacts with the elec-
tromagnetic wave, resulting in collective oscillations, responsible for increased light ab-
sorption and scattering, with a maximum at the resonance frequency. This behaviour
of metal nanoparticles is known as LSPR and is the subject of intensive research due
to the variety of advantageous applications, for instance, the improvement of sensing
and detection methods, discussed in the following section.

2.1.1 Localized Surface Plasmon Resonance

Metals are widely used as optical materials due specific behaviour in absorption and
scattering of electromagnetic waves. Specifically, metallic nanoparticles exhibit partic-
ular optical response, where incident electromagnetic field induce collective oscillations
of free electrons and strong local field enhancement is observed.

LSPR can be described by Mie theory [36]|, where the effect is studied considering
quasi-static regime approximation, thus assuming spherical particles with radius much
smaller than the wavelength of incident light (r << A, see Fig. 2.2). Therefore, the
oscillating electromagnetic field is considered to be constant over entire volume of
particle, i.e, phase shifts are neglected. The Mie theory provided an analytical solution
of Maxwell’s equations for the interaction of metallic particle and electromagnetic
radiation.
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FIGURE 2.2: Schematic representation of electron oscillations, induced
in the metallic nanoparticle by the electromagnetic field, in the quasi-
static regime (a << A)

The LSPR effect is commonly quantified in terms of the extinction cross section, which
is the sum of absorption and scattering processes, Cept=Clups+Cscq. After interaction
with metallic particle, the intensity of the incident light is reduced due to absorption or
scattering. [37] The intensity changes for completely absorbing or scattering particle
are given by [37]:

A Iabs/sca(z) = I()(l - eincabs/scaz) (22>

where Iy is intensity of incident light, n is number density of clusters, and z is the
thickness of the sample.

Derived from Mie theory for the dipole mode, Cey; is given by [37]:

Ce:ct =

2.3
A (e +2e) +€2 (2:3)

247r27“35%2 [ Ei ]

7
where 7 is radius of the particle, €, is dielectric constant of the surrounding medium, €,
and ¢; are real and imaginary parts, respectively, of dielectric function of the plasmonic
material, and A is excitation wavelength. The resonance condition is related with a
dielectric function of the metal: the denominator in brackets of the Eq. (2.3) has to
be minimum, thus, ¢, must be negative and ¢; values should be close to zero, in order
to achieve strong plasmonic response. In other words, the resonant electromagnetic
field enhancement is achieved under the condition:

€r = —2€pm, (2.4)

which is know as Frohlich’s condition [38]. Particular metals satisfy the criterion of
dielectric function with a high efficiency and demonstrate strong LSPR effect under the
interaction with visible light. Moreover, excitation wavelength (frequency) dictates
the choice of the metal. For instance, aluminium plasmon band is limited in UV
region, while gold has large plasmon damping at wavelenghts longer than 500nm.
[39] Besides this optical property, one has to consider chemical inertness of the metal.
For example, lithium supports plasmons but is very reactive and practically is rarely
used. Copper is a great candidate for plasmonic applications but is prone to oxidation,
where the presence of the oxide can affect the LSPR response of the nanostructure
[25].



2.2. Raman Scattering Effect 7

Another parameter, affecting the extinction cross section of the metal particle is the
size. The particle size effects for LSPR were discussed in detail by Kreibig and Volmer
[37]. The increase of the particle size leads to formation of multipole modes due to
phase retardation. Therefore, correction of Mie theory have to be considered for
particles with radii, larger than quasi-static limit. Moreover, whilst absorption is
dominant term in extinction cross section for particles with small radii, in the case
of larger particles it fades away and scattering contribution becomes stronger. In
addition, the large distribution of particle sizes results in wider plasmon resonance
peaks. The shape and the arrangement of the nanostructures also has an influence
on the local electric field enhancement. Although Mie theory described LSPR effect
of metallic spheroids, nanostructures with sharp edges can exhibit even more intense
field, for instance, at the corners of the nanocube and are much larger compared with
the nanospheres in the same dimensions. [40] An enhanced electric field can be even
stronger at so called hot-spots - specific regions between plasmonic nanostructures,
arranged in close distances, such as two spherical silver particles, separated by few
nanometres.|[41]

The LSPR effect can facilitate other physical processes, such as strong local heating
[42, 43|, and had attracted scientific interest due to advantageous application, for ex-
ample, in photothermal cancer treatment. In comparison, ~ 40 nm gold nanoparticles
have molar absorption coefficient of ~ 8 x 107 M ~tem™ at plasmonic resonance which
is greatly larger than molar coefficient of extinction ~ 10*A/~'em™! of indocyanine
green dye, commonly used for laser treatment of tumors. [44] However, disease af-
fected tissues are located deeply into the body, thus radiation treatment requires laser
light in near-infrared spectral region, where human tissues are transparent. There-
fore, nano-sized gold spheroids are not suitable since their plasmonic band lies in
lower wavelengths region and tailoring different shape of nanoparticles is possibility
to overcome this problem. Nanorods is a great candidate for tuning the plasmonic
band. Rod-shaped nanoparticles of gold exhibit two plasmon resonances, transverse
and longitudinal, where the former has the same wavelength as spheroids, while latter
shows more intense LSPR band at longer wavelenghts and is linearly red-shifting with
an increase of aspect ratio. [45, 46|

The proper combination of aforementioned parameters, affecting the plasmon band,
such as material, particle size, shape and arrangement allows to apply metallic nanos-
tructures for the improvement of various detection techniques [47, 48|. This appli-
cation area is of the interest of this work and is further discussed in following sec-
tions.

2.2 Raman Scattering Effect

The Raman scattering effect is an optical process originating from the interaction
between light and molecules. It was first observed in 1921 by Chandrasekhara Venkata
Raman using the sun as light source, and lately he was awarded with the Nobel prize
in physics for this discovery [49].

The scattering process involves the simultaneous absorption of an incident photon,
coupled with an upward transition to a virtual state of the electron in the molecule, and
the emission of another photon, corresponding to a downward transition. Considering
energies of the incident and the emitted photons, scattering process is classified as
elastic scattering (Rayleigh scattering, Fig. 2.3a), when it does not involve any energy
loss, and inelastic scattering (Raman scattering, Fig. 2.3b), when the emitted photon
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gains or loses energy, compared with the incident one, because of the interaction with
the molecule.

Thus, this mechanism corresponds to a downward transition of the electron from a
virtual state at higher energy to a different vibration/rotational state compared to
the initial one, considered before illumination from the excitation source.

Rayleigh __ Raman
5 —— 'S
_Virtual State_ Virtual State_
Ep LI Es =Ep EL Es=E, —hw

FIGURE 2.3: Schematic representation of a) Rayleigh scattering and
b) Raman scattering. The solid horizontal lines correspond to vibra-
tional states of the molecule. The dashed arrows show the transitions
between different electronic states, Sy and S;. Ej and Eg are the
energies of the excitation light and scattered light, respectively

The Raman scattering process is further classified according to the energy difference
between the incident and the emitted photon. When the emitted photon has a lower
energy compared with the incident one, the molecule is excited to an higher state as
shown in Fig. 2.4a and this process is called Stokes process. On the other hand, when
the emitted photon gains energy from the molecule, corresponding to an increase of
its energy, compared with the incident photon, and the relaxation of the molecule to
a lower state, this transition is called Anti Stokes (Fig. 2.4b). Consequently, detection
of scattered photons, obtained by Raman spectroscopy, allows to define the specific
vibrational structure of molecules. Hence, this technique is widely applied for chemical
analysis.

However, the Raman scattering gives a weak signal, especially for transitions related
with a larger energy difference, and for Anti-Stokes process, since the molecules have
to be in an initial excited state. In the last decades, active research focused on
the development of a new technique, aiming to improve the Raman signal. With
this purpose, the recent advancements in the field of plasmonic nanostructures fab-
rication, opened the possibility to significantly improve the performances of Raman
spectroscopy.

2.3 Metallic Nanoparticles for Raman Detection

The increase of the Raman scattering of molecules adsorbed on a roughed surface,
was firstly observed by Fleischmann et al. [50], and initially attributed to the increase
of the surface area. This result was followed by active research aiming to fabricate
substrates capable to experimentally achieve strong Raman signals [51, 52|, and find
a theoretical explanation for this enhancement [53]. Moskovits [54] was the first to
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FIGURE 2.4: Schematic of Raman Scattering processes: a) Stokes, b)
Anti Stokes

attribute this effect to the plasmonic properties of structured metallic surfaces when
interacting with a light source. It led to development of a new detection method named
Surface Enhanced Raman Spectroscopy (SERS), which exploits advanced fabrication
techniques of surface modification for the preparation of substrates which show SERS
activity.

hAv Laser hv Raman
dog Wt .- P‘i;*f Lt  Fam v 10’ et i
] !x Syl A

FIGURE 2.5: Schematic representation of Raman scattering process,
where the plasmonic SERS substrate with spherical nanoparticles is
used

In a conventional Raman experiment, the electromagnetic field of the incident light
beam, Ey,, interacting with the molecule, induces a Raman dipole, pr = arEic.
Its oscillations are characterized by a specific frequency, wg, related with the po-
larizability of the molecule, ag(wg). Thus, the Raman signal is attributed to the
emission from the induced Raman dipole. [55] A similar mechanism occurs when the
molecule is placed in the vicinity of a metallic nanostructure (see Fig. 2.5), where
the electric field is localized in narrow regions, called hot spots. The geometry of the
plasmonic structure and its position, relative to the surrounding, affect the intensity
of the SERS activity. Consequently, the hot spots are classified as first generation
when they involve a single nanostructure, second generation when the field is confined
between coupled nanostructure, and third generation when the confinement occurs
between the nanostructure and the supporting material. In these conditions, the elec-
tromagnetic field is significantly modified and its intensity can differ by many orders
of magnitude, according to the specific characteristics of the hot spot [56]. However,
the fabrication of second and third generation hot-spots requires the employment of
sophisticated production methods.
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In these conditions, the amplitude of the incident electromagnetic field is dramatically
enhanced when the excitation wavelength of the laser source is in the same range as
the plasmon band of the metal, producing a local field enhancement. The modified
electromagnetic field, E,¢, induces a Raman dipole, pr = arEr,oc, which emission in
free space will be enhanced by a factor:

_ |:EL0(:|2
|E’Inc|2

(2.5)

Loc

At the same time, a second mechanism of enhancement results from the modification
of the radiation properties of the Raman dipole. Thus, it is labeled as radiation
enhancement. In SERS condition, the power emitted from an oscillating dipole, placed
in close proximity of a metal surface, can be many order of magnitudes larger than
the power radiated by the same dipole in free space. However, the efficiency of this
mechanism is dependent on many parameters, like the geometry and dielectric function
of the metal structure, the dipole position and orientation. Therefore, part of the
enhancement is associated with the coupling of the Raman dipole oscillations with
the free electron oscillations of metal nanostructure [57].

A secondary effect, usually neglected to estimate the total enhancement, is the chemi-
cal enhancement related with interaction between the analyte molecules and the SERS
active substrate.

The enhance of the Raman signal is usually estimated quantitatively by the Enhance-
ment Factor (EF), exhaustively studied by LeRu et al. [58|. Considering the SERS
signal from a single molecule, the single molecule enhancement factor, SMEF, can be
expressed as:

SMEF ~ Myoc(wr ) Mg, 4(wr) (2.6)
where Mf{ad (wgr) accounts for the radiation enhancement.

However, it has to be stressed that the magnitude of enhancement, of the Raman
signal in SERS conditions, is affected by many factors, such as characteristics of the
laser excitation, the detection setup, SERS substrate, properties of analyte and the
interaction between the analyte and the substrate. Therefore, in order to precisely
evaluate the enhancement factor, the signal from a conventional Raman setup has to
be compared with a SERS setup, involving the same analyte molecule and the same
environment. A proper choice of the experimental parameters is necessary to compare
the results, obtained from different plasmonic substrates [58].

Moreover, the large number of parameters, such as non-uniform spatial distribution
of analyte molecules, leads to highly non-uniform enhancement across the substrate.
The quantitative comparison of different substrates can be obtained through the def-
inition of a SMEF, which is evaluated only at specific locations on the substrate, or
alternatively, an average EF, which identifies an average property of the substrates
considered.

The average EF is often preferable, rather than the SMEF, due to the complexity of the
experimental setup and the difficult control of arrangement of nanostructures, required
in the latter case. In this case, the performance of SERS substrates is expressed
according to [58]:
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_ Isers/Nsers

EF
INnr/NNr

(2.7)
where Nggprs and Nyg are the average number of molecules in the scattering volume,
of SERS and normal Raman experiments, respectively, meanwhile Iggrs and Iyg are
the respective intensities of the detected signal.

A more practical approach to evaluate the signal enhancement, is it to consider the
analytical EF, defined as the ratio between the intensity of the SERS signal and the
normal Raman signal, both normalized to the different concentrations of the same
analyte:

AEF - IsERS/CSERS (2.8)
INR/CNR

In order to compare the analytical enhancement factor for different substrates, it is
necessary to precisely describe the experimental setup and procedure. However, it is
important to emphasize that it does not provide a physically correct value of the en-
hancement factor because the SERS signal can be wrongly estimated, as the number
of molecule, excited during the experiment, is dependent on the adsorption charac-
teristic of the molecular species on the substrate. The amount of analyte molecules
deposited on the substrates, is generally different from the concentration cggrg in
liquid solution, considered in the analytical definition 2.8.

Development of SERS spectroscopy, obtaining large values of the enhancement factor,
opened the possibility for high sensitivity analysis. For instance, single molecule
detection was achieved in the experiments of Kneipp et al. [59] and Nie and Emory
[60], who studied the scattered signal from different dyes molecules, in a solution
of colloidal silver nanoparticles. Consequently, SERS is considered as a promising
technique with possible applications in different fields, where the detection of trace
concentrations of analyte is required.

However, the fabrication of SERS active substrates is a difficult task, which requires
to combine different aspects as suggested by Natan [61] and Lin et al. [52]. Ideally,
the application of SERS active substrate demands a high enhancement factor, to
ensure a clear improvement of the Raman spectroscopy setup. Moreover, an uniform
distribution of the enhancement and reproducibility of the measurement, are required
to ease the comparison of different measurement with the same analyte. Meanwhile,
regarding the fabrication procedure, it is necessary to guarantee the stability of the
performance of the substrate over a sufficiently long time period, a relatively low-cost
of production, and the cleanliness of the surface.

The first step for the design of a proper SERS active substrate, is the accurate choice
of the plasmonic material employed. Different materials have been proposed, and in-
tensive studies were carried out with noble metals due to LSPR. For this reason, silver
and gold are the most common materials to improve a normal Raman spectroscopy,
meanwhile aluminium has potential application for excitation in the UV range of
the spectrum. Moreover, novel structures have been proposed in the last three years,
combining different plasmonic materials, including bimetallic silver and gold nanopar-
ticles, zinc oxide and metal heterostructures, and metal oxides based nanostructures
[62]. For instance, William et al. [63] obtained a single molecule SERS with a sprouted
potato-shaped Ag and Au bimetallic nanoparticles, detecting methylene blue in the
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extremely low 107'% M concentration. Meanwhile, ZnO nanorods coated with Ag
nanoparticles revealed a limit of detection of 107 M for the same analyte [64]. Re-
cently, a simple method for the production of cost efficient paper-based Au/Ag SERS
substrates was presented by Yang et al., for which they measured an enhancement
factor of 9.0 x 107 on the spectra of Rhodamine 6G [65]. Moreover, Li presented
the advantages and recent studies of flexible and transparent SERS active substrates
[66]. Sruchan et al. fabricated microporous graphene foam, decorated by Ag NPs
for successful SERS detection of methylene blue with a detection limit of 1072 M.
[67]

The large enhancement obtained from gold and silver nanoparticles, opened the possi-
bility to study the effect of other parameters affecting the magnitude of the enhance-
ment. For example, research effort is devoted to explore the advantages of particle
with different shapes thanks to the recent advances in nanofabrication techniques.
As an example, Zanotti et al. [10], recently measured the enhancement factor of Ag
nanostructures of different shapes, prepared by chemical methods. According to the-
oretical prediction [68], it is possible to increase the plasmonic intensity in the area
close to sharp edges, supporting the research of novel structures, such as nanostars,
in order to obtain larger enhancement rather than spherical nanoparticles.

The possibility to reduce the cost of fabrication relies on on different materials. With
this goal, in the last decades, copper attracted more interest. Pettinger et al. [69]
obtained the first SERS enhancement from a copper electrode in 1980. Later on,
different fabrication methods of copper-based SERS substrates have been investigated,
reporting enhancement factors varying from 10! to 108 [70]. Large variation of the
reported EF values can be related with different experimental conditions, such as the
excitation source or the properties of the surrounding environment, as well as substrate
morphology, including nanostructure shape, size and distribution. A proper design
of copper SERS substrate can lead to high SERS activity as reported by Keating et
al. [71], justifying the interest to investigate different fabrication methods, aiming to
obtain an enhancement factors, comparable with the performance of gold and silver
substrates.

Moreover, the main concern about the possible application of copper, as a plasmonic
material for SERS spectroscopy, is related with its tendency to react with atmospheric
oxygen and consequent formation of copper oxide, which may induce a reduction of
the plasmonic character. Wang et al. 72| reported a significant increase of the SERS
spectrum of 4-aminobenzenethiol molecules, adsorbed on Si substrates, covered with
copper nanodendrites. In their study, the signal emitted from molecules excited with
a 532nm laser source, was larger in the case of a copper core - copper oxide shell
compared with pure copper nanostructures. Consequently, this result is promising for
the study of copper suitability for the fabrication of SERS substrates, considering the
storage in oxidising environments.

2.4 Matrix Assisted Laser /Desorption Ionization Mass Spec-
troscopy

Mass spectrometry is a powerful and widely spread analytical tool, which relies on the
detection of isolated ions, identified according to their mass-to-charge ratio by differ-
ent instruments. Thus, the acquisition of the mass spectrum of analyzed substance,
requires the desorption and ionization of compounds incorporated into the sample.
This condition can be obtained thorough different methods. For example, desorption
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can be enhanced by pressure difference, particles or ions bombardment, or light ra-
diation. Meanwhile, ionization can be achieved by charge transfer. However, more
energetic methods, often named as hard ionization, are source of molecular fragments
of the biological analyte, increasing the complexity of the obtained spectra and result-
ing in a difficult identification of the sample components. Thus, a few soft ionization
techniques were introduced and coupled with mass analyzers, in order to simplify the
study of large biological molecules.

Among these techniques, such as Plasma Desorption and Electrospray Ionization,
the studies of Karas et al [73] reported several advantages for the laser desorption
of analyte molecules embedded in an absorbing matrix, including a lower degree of
fragmentation and higher ionization efficiency. In their work, protonated amino acids
were detected under certain laser irradiance, but an increase of this experimental
parameter led to significant fragmentation of the molecules. Interestingly, the same
ions were detected at significantly lower laser irradiance when these species were mixed
with a different amino acid. Consequently, the term Matriz-Assisted Laser Desorption
was introduced to present this result. Few years later, the same group presented the
spectra of proteins mixed with an excess amount of the absorbing matrix [74| and
dried on a supporting substrate, emphasizing the possibility to extend the application
of this technique to larger molecules, obtaining high sensitivity and good spectral
quality.

At the same time, these results led to the interest for the development of different
absorbing matrices and simple sample preparation procedures. Indeed, Tanaka et al.
[75] independently presented the spectrum of high-mass molecular ions with a simple
procedure, employing an ultra fine cobalt powder as the matrix, further expanding the
range of mass detection. This result was ascribed to a rapid heating of the sample pro-
moted by the inorganic matrix, facilitating the vaporization, instead of decomposition
of the analyte. Due to his contribution in the development of this technique and the
successful detection of intact proteins molecules, he was later awarded with the Nobel
Prize in Chemistry in 2002 [76]. A similar result was obtained ten years later with
titanium nitride particles, suspended in glycerol [77]. Furthermore, Sunner et al. [78]
suggested a surface desorption mechanism of proteins and peptides, assisted by large
(10 = 50pum) graphite particles. Thus, the name Surface Assisted Laser Desorption
Ionization (SALDI) MS was firstly introduced in this work.

After decades of investigations, many phenomena, affecting the desorption and ion-
ization of analyte molecules, have been studied but not fully understood yet. [79-81]
This is mostly a consequence of the extremely complicated system.

More recent advances include nanoparticles in the sample preparation procedure,
achieving significant improvements of MALDI MS [14] performance. The applica-
tion of nanoparticles has several advantages. Firstly, nanoparticles can be employed
to selectively concentrate the analyte of interest from an highly diluted solution, which
is later mixed with a common organic matrix. Alternatively, these can replace absorb-
ing matrix molecules and efficiently transfer the laser energy for the desorption and
ionization of the analyte. Consequently, a large number of matrices based on nanos-
tructures of different nature, i.e. metallic nanoparticles, metal oxides nanoparticles,
carbon based nanomaterials and quanatum dots [82], have been introduced in the last
few decades.

Moreover, predeposited nanoparticles, coated with analyte molecules, facilitate the
preparation of homogeneously distributed samples, increasing the reproducibility of
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the signal, compared with common matrices, for which "sweet spots" are commonly
formed during the co-crystallization of the organic molecules and the analyte [14].
This characteristic is useful for the development of imaging mass spectroscopy, based
on laser desorption /ionization. Indeed, silver nanoparticles embedded into a tissue of
rat heart were successfully employed for the detection of lipids [15], meanwhile, due
to a small background noise, commonly observed from the fragmentation of organic
molecules in the low mass region, the spatial distribution of fatty acids in mouse liver
and retinal samples were reproduced [16].

Similarly to the development of organic matrices, the application of nanoparticles
mostly relies on an empirical investigation, which discusses the efficiency of the sys-
tem in regards of the specific experiment. This approach is commonly employed since
there are many phenomena, occurring simultaneously during the desorption and ion-
ization of adsorbed analyte molecule and it is difficult to identify the predominant
mechanism. It their review, Picca et al. [83] summarized a list of experimental stud-
ies, which evaluate the ion desorption efficiency of nanostructured materials related
to different physicochemical properties. Heating, melting and photoabsorption are
identified as main factors in the LDI process, however it is emphasized the needs for
further investigation.

For instance, an extensive study of the ion desorption efficiency was carried by Ng et
al. [84], in which different nanomaterials are compared in regards of several charac-
teristic properties. According to their results, the authors suggest the development
of SALDI substrates with high photoabsorption efficiency, weak binding interaction
with the analyte and low melting temperature, in order to improve the detection
sensitivity.

In this regard, nanoparticles modification has been proved as a possible beneficial
mechanism for the detection of the analyte. Considering silver nanoparticles, Prysi-
azhnyi et al. [85] argued that the detection of small molecules is facilitated by the
formation of metal ion-analyte adducts, during reaction occurring in the plume.

Indeed, The authors related the material release from silver clusters to the particle
heating and the LSPR in a later study [26]. Moreover, it is concluded that size of
nanoparticles and coverage of the substrate are key design parameters for the forma-
tion of adduct species, obtaining the best performance from small silver nanoparti-
cles.

2.5 Synthesis of Nanoparticles

Nowadays research in nanomaterials field focuses on synthesis of nanoparticles (vary-
ing in a size scale from 1 up to 100 nm) utilizing diverse fabrication methods. Particu-
lar combinations of structural parameter of nanoparticles such as size, shape, compo-
sition and crystallinity, are required for different applications in order to successfully
utilize the specific property and satisfy operational needs.

The aforementioned parameters of nanoparticles are controlled by choosing method
of preparation. A large variety of fabrication procedures have been proposed and de-
veloped and are divided into two main categories. In top-down approaches nanopar-
ticles are produced from bulk material (also referred as physical methods), whilst in
bottom-up routes the nano-sized structures are built from atoms or molecules (via
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FIGURE 2.6: Schematic representation of MALDI MS process, where

the matrix with metalic nanoparticles, covering the analyte, is shown.

The formation of the plume, consisting of neutral and charged ana-

lyte and metal species, induced by laser irradiation (violet arrow), is
illustrated

chemical reactions). In this section, a few common physical and chemical synthe-
sis methods of metallic nanoparticles are presented, discussing their advantages and
drawbacks.

2.5.1 Chemical Methods
Wet Chemical Reduction

In chemical reduction-based synthesis of nanoparticles, the source of metal is ionic
salt which is reduced in aqueous solutions using reducing agents, such as sodium
borohydride, citrate [86] or hydrazine [87]. During reduction reaction, metal ions are
reduced to atoms which instantly agglomerate into particles with diameters of several
nanometres. For instance, silver nanoparticles are typically formed from silver nitrate,
as shown in a reaction with sodium borohydride [88]:

AgNOg + NaBH4 —> Ag +0.5 H2 +0.5 B2H6 + NaN03

The size of particles can be controlled by choosing appropriate reductant: strong re-
ducing agents (such as borohydride) result in particles with narrow size distribution
while weaker ones (for instance, citrate) produce particles with broad range of di-
ameters. [88] The further growth of formed particles is prevented adding stabilizers,
for example, polyvinylpyrolidone (PVP) [86, 87, 89|, polyethylene glycol (PEG) and
polymethylmethacrylate (PMMA) [88] or polyvinylalcohol (PVA) [89].

The chemical reduction method is widely used due to its simplicity and possibility to
synthesise small nanoparticles with a narrow size range. [90] The main drawback of
this approach is toxicity of reducing agents which are hazardous for human health,
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such as sodium borohydride which may negatively impact the lungs if exposed, or
hydrazine which is carcinogenic [89]. Thus, costly processes of removal dangerous
substances from prepared nanoparticles is required.

Sol-Gel

Sol-gel processing is a versatile method for fabricating nanostructures of metal [91] or
metal oxide [92] nanoparticles. The metal-organic route of sol-gel technique utilizes
metal alkoxides as main precursors, dissolved in alcoholic solution. [93] The first key
step of synthesis is hydrolysis where nucleophilic water attacks the metal atom and
leads to the substitution of the alkoxide group (-OR) with the hydroxylgroups (-OH)
[92], as shown in given chemical reaction below:

M-OR + HOH = M-OH + ROH

where M is metal, R - alkyl group (Cp,Hapy1)-

Generally, acidic or basic catalyst is added for facilitating the hydrolysis reaction.
The second step is polycondensation reactions where water and alcohol are eliminated
building M—O—M network [93]:

M-OH + MOH = M-O-M + HOH

M-OR + MOH = M-O-M + ROH

Polycondensation reaction, shown above, continues increasing the viscosity of the
colloidal solution (sol) and its subsequent transition into the gel which is further dried
during aging step. [92] Lastly, the thermal treatment is performed in order to remove
the residues of water from the desired structure.

The method allows to efficiently control the composition, size and morphology of
nanoparticles. [94] It can be used for preparation of various compounds but involves
expensive precursors, it is time-consuming and has reproducibility issues thus is lim-
ited for application in industrial production. [89]

Flame Spray Pyrolysis

The flame spray pyrolysis process is synthesis method based on a gas phase combus-
tion. The procedure of nanoparticles fabrication starts from atomization of a liquid
precursor - metallorganic compound and a solvent. The liquid droplets of precursor
mixture are formed with high pressure dispersion gas and gets ignited by the flame.
The flame is fed by fuel (including oxygen), supplied through system of nozzles, and
sustains the combustion of the precursor spray. In a hot reactor, the metallorganic
compound decomposes, while supplied oxygen provides the complete combustion of
organic parts into water vapour and carbon dioxide. From metallic parts of the precur-
sor the primary particles are nucleated which further grow into larger clusters.

The size of the particles is determined by the particle residency time in high tempera-
ture region where primary particles aggregate into larger ones. This parameter can be
controlled by varying oxygen flow rate [95] - increased amount of oxidant accelerate
burning process of droplets. In this way, the length of spray flame is reduced and the
growth region of particles becomes shorter, thus smaller particles are produced. The
flame length can be also adjusted by changing configuration of nozzles for burning
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gases [96]. Moreover, a cool air can be introduced into the system in order to limit
the growth of particles via quenching. [97]

Generally oxidised particles are fabricated due to the oxygen presence in the flame
pyrolysis process. Metallic nanoparticles are possible to synthesize using halide flames
instead of hydrocarbon ones. This approach was utilized fabricating titanium nanopar-
ticles, where metal chloride reacts with sodium vapour forming metallic particles,
surrounded by sodium chloride shell. [98] NaCl coating was found to prevent from
oxidation of titanium and to be easily removable by washing with water.

The flame spray pyrolysis method is successfully used for fabrication of high purity
and multi-component particles with controlled sizes. For instance, doped metallic
nanoparticles of ~ 10 nm were fabricated from Ag [99] and Ti [100]. Another advantage
is possibility to deposit particles directly on the desired substrate [101]. The drawback
of the method is high operating temperatures and subsequent quenching which might
result in amorphous phases [102].

Chemical Vapor Deposition

Chemical vapour deposition (CVD) is a vapor-phase synthesis method, commonly
used to form elemental or compound coatings and films [103], and recently customized
for production of nanostructures. The synthesis procedure starts with introduction
of vapor phase precursor into the reactor, together with carrier gases. Precursor
molecules diffuse towards the substrate and are adsorbed on the surface where the
nuclei of desired product are formed. The growth of the nuclei is followed by desorption
of volatile byproducts which are removed out of the chamber together with unreacted
species. It is possible to form nanoparticles and deposit them onto the substrate under
the control of deposition conditions in the CVD reactor (selecting particular precursor
type and flow, process time, temperature and pressure). [104]

The chemical vapour deposition method is attractive due to one-step synthesis of par-
ticles with controlled surface morphology and possibility to fabricate multi-component
particles [105], various composites, enriched with metallic nanoparticles or nanostruc-
tures, coated with metal [104]. The drawbacks of this method are the high cost of the
process and complex handling of hazardous precursors.

2.5.2 Physical Methods
Mechanical Ball Milling

The ball milling is method of particle size reduction where high mechanical energy is
employed. During the synthesis process, the bulk powder is placed in the container
together with several heavy balls, which roll down the surface of the milled material
and transfer their kinetic energy into it. As a result, the bulk materials is cracked into
smaller, nanodimensional particles having newly created surfaces. In order to avoid
contamination, the milling chamber is sealed and filled with inert gases. Particular
compounds are formed by introducing gases such hydrogen, nitrogen or air, producing
hydrides, nitrides and oxides. [106]

Powder particles are reduced due to the internal strain induced during grinding. In
another hand, freshly made particles strive to minimize their surface energy thus
agglomerate into larger ones. To overcome the size increase, particles are synthesized
in wet medium using surfactants. Depending on the nature of the material and surface
charge characteristics, either cationic, anionic, zwitterionic or nonionic surfactants



18 Chapter 2. Metal Nanoparticles for Enhanced Sensing

are used. [106, 107] When adsorbed on the milling material surface, the molecules
of active surface agents stabilize the particles and prevent them from uncontrolled
cracking. Additionally, surfactants reduce the surface energy of particles and therefore
minimize the agglomeration.

Surfactant assisted ball milling was successfully utilized fabricating Fe, Co, and FeCo
NPs with average size of 6 nm [108], and for Ag nanoparticles with sizes between 10
and 12nm [109] and from 14to34nm [110].

The mechanical ball milling nanoparticle synthesis route is inexpensive and can be
used at room temperature but requires high energy consumption [89]. Another disad-
vantages are contamination of the product due to wear of mill balls and long process
time. [111]

Gas-Phase Synthesis

In this project, the fabrication of nanoparticles is performed via gas-phase synthesis
route. Gas aggregation methods are based on supersaturated vapor state, which is
thermodynamically favorable for the molecules of the vapour phase to form a con-
densed phase under rapid cooling condition.

Nanoparticles are formed from a vapour excess of pure metal, sputtered of vaporized
in vacuum, and collimated into the beam. This method allows to precisely control
nanoparticles size, composition, and kinetic energy which defines either they are de-
posited or implanted to the substrate. [17, 112]

Vaporization Methods
Evaporation-Condensation

The simplest method of gas aggregation is based on heating of liquid or solid source
placed in the furnace chamber until it evaporates. Then the source vapor is supersat-
urated by cooling in inert gas environment and is condensed, thus clusters nucleation
and growth are facilitated. Similar process occurs in nature during the formation of
fog and clouds. The evaporation method is suitable to produce metallic clusters such
as silver particles in a sizes range from 9to60nm. [113, 114] The sizes of produced
particles can be controlled by varying inert gas flow rate and adjusting its pressure
or process temperature. [114] The cold inert gas stream can be mixed with reactive
gases, for instance, oxygen, thus oxide (or other compounds) of evaporated source
material can be formed. [105]

The method has drawbacks of expensive equipment, high energy consumption. [89]
Supersonic Expansion

The supersonic expansion method utilizes adiabatic gas cooling to form clusters. The
gas is expanded through the nozzle (diameter size ranges in micrometre scale) from
source region with a high pressure to the low pressure region sustaining supersonic
expansion and intense beam of clusters is formed which is further collimated with a
skimmer. [112] For production of metallic nanoparticles, the seeded source is used in
which vaporized metal is mixed with inert gas, which facilitates the cluster formation
by adsorbing the heat of condensation. [115] The size of the produced nanoparticles
can be tuned by changing temperature of the nozzle or varying pressure in source
chamber. [112] Moreover, a choice of lighter inert gas (for instance, helium rather
than argon) results in smaller product particles as cluster flow is faster and growth
time is shorter.[115, 116]
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The supersonic expansion successfully applied to fabricate metallic film consisting of
6 nm silver particles [117], and multi-component coating of Al and Ti nanoparticles.
[116]

Laser Ablation

Pulsed laser ablation is fabrication method where nanoparticles are formed directly
from a bulk target. Powerful short laser pulses irradiates and vaporizes the desired
material leading to the formation of the laser plume, consisting of individual atoms or
molecules and small clusters. It acts as a source of nanoparticles, directly deposited
on the substrate.

The laser ablation process can be conducted in a vacuum, gas environment or in a
liquid. Particularly, the laser fabrication of nanoparticles in liquids forming colloidal
solution is preferable due to relatively simple instrumentation (compared to the sys-
tems with vacuum chamber), which includes a pulsed laser, focusing optics, and a
target, placed in a container with liquid. [118§]

Sizes of nanoparticles can be controlled by varying laser parameters such as wave-
length, energy density (fluence), pulse duration and repetition rate [118, 119] or con-
centration and nature of the solvent if ablating in aqueous medium approach is applied
(Ag NPs [119], Cu NPs [120, 121], Au NPs [122]).

The preparation of nanoparticles can be improved by shortening the pulse duration
from nanoseconds (ns) to picoseconds (ps) or even femtoseconds (fs), the heat affected
zone decreases therefore less micron-sized particles are ejected due to minimization of
thermal diffusion in the target material. [118§]

Possibility to produce small-sized particles from different materials including various
metals, without altering chemical composition, makes the laser ablation an attractive
tool for clean and fast nanoparticle synthesis. Nevertheless, the method is unsuitable
for productive large-scale fabrication and has disadvantage of high energy consump-
tion. [118]
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Sputtering Methods
Arc Discharge

Another method of formation of nanoparticles from vapor of metals is arc discharge
method which utilizes electric discharge to sputter the material. A large electric
current is run for a short time through two metal electrodes resulting in ignition of
electric discharge between anode and cathode. Electrodes are usually made from metal
of production interest and serve as a source of vapor which subsequently condenses
forming metal particles.

Metal electrodes can be made of inert metal (for instance, titanium) and immersed
in liquid solution with metallic precursor (such as AgNOg in deionized water). [123]
During electric discharge event, electron exchange occurs in plasma region and silver
ions are reduced.

The arc discharge method offers high production rates of metallic particles with rela-
tively simple equipment and few step procedure and low contamination. The disadvan-
tage of the method is large size distribution of synthesized nanoparticles. [89]

Magnetron-Based Cluster Synthesis

In this work, metallic nanoparticles are produced by cluster beam deposition technique
using magnetron sputtering cluster apparatus (MaSCA, Fig. 3.1) where metal target is
vaporized due to bombarding with high energy argon ions using magnetically confined
plasma. Sputtered metal atoms start to form clusters in the aggregation chamber with
the help of cooled helium, acting as a buffer gas. Two individual sputtered metal atoms
nucleate into a small cluster, and the excess of energy is released due to the binding.
Under the collision with helium atom the emergent dimer stabilizes because the inert
gas carries away the energy excess.

Large fraction of the clusters, produced by magnetron sputtering, are ionized and
widely distributed in mass [124]. Thus, before deposition on the sample, the particles
in the cluster beam can be filtered by size and charge employing electric field in
electrostatic quadrupole mass selector [17].

The beam intensity and size of the clusters can be tuned by proper combination
of process parameters: increased magnetron power changes density of plasma thus
increase the number of sputtered source atoms; extended length of aggregation region
leads to longer time for particle growth. Magnetron- based gas-phase synthesis ensure
high atomic density of metallic clusters, arranged in symmetric polyhedral-shapes,
described by Wulff constructions. [125] It results in high coordination number of
surface atoms therefore a great chemical inertness of produced nanoparticles. Another
advantages are high purity of fabricated particles due to high vacuum synthesis and
high production rates. The main drawback of the method is limited cluster beam
stability. [126]

2.6 Metal oxidation: The Case of Copper

The performance of devices based on metallic nanostructures is strongly dependent
on the interaction between the metal surface and the surrounding environment be-
cause of the reactions occurring when exposed to ambient air at room temperature.
Consequently, gold is usually preferred to silver as it owns a higher stability. Indeed,
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the latter one is prone to react in ambient condition with sulfur compounds, to form
silver sulfide, AgaS [127].

Moreover, the larger surface to volume ratio of metal nanostructures compared with
thin films, increases the rate of reaction, determining a change in the chemical compo-
sition and morphology of the structure over a relatively short time period [127, 128],
and consequently strongly affecting the properties of the nanostructure, which has to
be considered as a limit for successful applications.

Similarly copper is known for the formation of stable oxides when exposed to ambient
condition and the oxidation process have been intensively studied. A review over
the most recent research aimig to explain the atomistic mechanism of copper oxide
formation and the outcome related with different ambient condition are given by
Gattinoni et al. [129], describing the initial dissociative adsorption of oxygen on
the surface of pure copper and the subsequent nucleation and coalesence of nano-
island.

In spite of the results produced by the studies on the oxidation process during the
last century, focusing mostly on thin films and bulk copper, a precise explanation for
the mechanism of the interaction between oxygen and copper nanostructure is not
completely developed. The reduced dimension of copper nanostructures, compared
with microstructures, increases further the reactivity with the oxygen molecules in
the surrounding environment, because of the large surface to volume ratio [130]. The
formation of an oxide layer on the nanoscale copper surface have been proved experi-
mentally. Kim et al. [131] produced 100 — 140 nm diameter copper spheres on silicon
substrate using hydrogen-free spray pyrolysis together with electrostatic percipitator
and kept it exposed to ambient laboratory conditions. The results from TEM images
show the formation of a thin oxide coating immediately after the synthesis. The oxide
layer was measured to grow approximately linearly over a period of one year, forming
a crystalline CugO shell surrounding the particle, as observed by X-ray diffraction
(XRD) measurements.

The morphology of smaller copper nanoparticles, around 25nm, exposed to ambient
condition for a period of three months, where studied with TEM imaging by Boyd
et al. [19]. The images obtained from both samples present a copper core - oxide
shell structure, where the oxide shell consists of an inner CusO phase and outer CuO
phase.

Real time in situ studies of oxidizing copper nanoparticles had been presented by
LaGrow et al. [20] They produced nanoparticle in a wide range of size, ~ 6 to 80 nm,
by sputtering copper target and further reduced with hydrogen prior oxidation ex-
periments. Opposite to aforementioned experiments, here particles were oxidized at
elevated temperatures (300°C and 500°C) in order to accelerate the oxidation and
observe the phase change of the single particles. The oxygen at 2 Pa pressure was
supplied to the sample and at regular time intervals TEM images were obtained.
Intensity differences of captured particles showed nucleation event of oxide on one
point of the copper particle in the beginning and further unidirectional growth across
the particle until single phase of cuprous oxide was reached. The observed oxidation
manner was found to be independent of particle size, support material (carbon and
silicon nitride was compared), temperature and pressure - only oxidation rate was
increasing at higher temperatures (from 300°C to 500°C) and pressures (from 2 to 5
and 10 Pa).
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Even though the controlled formation of an oxide shell can be advantageous for some
application, such as the photocatalytic degradation of organic and inorganic dye
molecules [132, 133], the spontaneous oxidation of copper in ambient condition, is
considered as the main limitation to for the applicability of copper-based plasmonic
nanostructures. The growth of an oxide layer is responsible for the attenuation of the
plasmonic property, which has to be taken into consideration in order to guarantee the
performances of copper based devices through the storing period, before the actual
use. In the last decade, many studies aimed to develop a protective outer layer to
prevent the native oxidation. Some solutions which have been proposed include the
covering of Cu-based nanostructures with copper formate [24], organic ligands [134]
and Cu-Au core-shell particles [135]. Recently, Popok et al. [25] proposed an easy
and less expensive procedure for the fabrication of monocristalline high purity cop-
per nanoparticle which include the controlled growth of a thin protective oxide layer,
aiming to prevent further oxide formation and, consequently, extend the stability of
the plasmonic property.

2.6.1 Oxidation of Copper Nanoparticles. Effect on LSPR

Different studies approached the oxidation problem by observing the time evolution of
the LSPR. According to Eq. (2.3), the extinction cross section is affected by different
parameters, including the dielectric properties of the surrounding environment. As an
example, in the case of supported nanoparticles, the presence of an isolating substrate
changes the properties of the plasmonic peak when compared with a particle suspended
in an homogeneous dielectric, such as oil or water [136].

Similarly, the formation of a copper oxide phase will affect the intensity and the
wavelength of the plasmonic peak, until the complete oxidation of the pure copper
particle with the consequent disappearing of the plasmonic character. This behaviour
was related to the thickness of the oxide shell by Ghodselai et al. [137], in good
agreement with the prediction derived by Mie theory. Later on, Rice et al. |21,
22| experimentally studied the mechanism of oxidation for chemically synthesized
copper nanoparticles by in-situ optical spectroscopy. In both studies, they reported an
attenuation of the plasmonic peak after the formation of the oxide phase surrounding
the particle and they observed the occurring of a pure copper-copper oxide core-
shell structure by TEM. The intensity of the plasmonic peak decreased drastically
until the complete oxidation of the sample, corresponding to the disappearing of the
copper core. This tendency is in agreement with analytical predictions based on Mie
Theory, for which the formation of the oxide shell causes the increase in the intensity
of the plasmonic peak and its red shift. Accordingly, the optimal ratio between oxide
shell thickness and particle size allows to avoid the interference related with interband
transitions [138], and consequently, to improve the plasmonic properties of pure copper
particles.

More recently, Nilsson et al. [139] replicate the results obtained from Rice et al., con-
sidering a single disk-shaped nanostructure and presented an electrodynamic simula-
tion which replicates the experimental results considering the morphological changes
of the copper structure related with an initial growth of the outer oxide shell and
simultaneous disappearing of the core copper. It has to be noted, that they assumed
the formation of an internal void, due to the nano Kirkendall effect. However, this
phenomena seems to occur only for oxidation process at temperature higher than 150°.
Consequently, this phenomena is not investigated in this report.
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Chapter 3

Instrumentation, experimental and
analysis methods

3.1 Formation and Deposition of Nanoparticles

Gas-phase synthesis of metallic nanoparticles was performed using system called mag-
netron sputtering cluster apparatus, MaSCA (Fig. 3.1, detailed description of the ma-
chinery can be found in [17]). The commercial source containing magnetron creates
a plasma with sputtered metal atoms which are aggregated into clusters with the
help of helium gas and further collimated into a beam. The formation is processed
under high vacuum conditions using turbomolecular pumps and fore-vacuum pumps
(all from Pheiffer Vacuum, Germany).
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FIGURE 3.1: The schematic of MaSCA. Adopted from [124] with a
permission of Springer Nature

More than a half of the particles, produced by magnetron sputtering, are ionized and
distributed in a wide interval of sizes. [124] Therefore, the electrostatic quadrupole
mass selector (EQMS) is placed in the beam path to filter the clusters, prior the depo-
sition. There is also a possibility to perform straight deposition where formed clusters
are deposited directly onto the sample without mass and charge selection.

Size selection is performed by electric fields which allows to filter charged nanopar-
ticles. The EQMS is consisted of four electrodes, constructed in hyperbolic shape
and surrounded by a grounded shield, with circular openings for the beam of clusters.
[17] The electrodes can be biased in pairs of opposite polarities and equal magnitudes
of voltages generating hyperbolic equipotential field which deflects charged particles
with negative or positive electric charge by 90° to the deposition chamber.



24 Chapter 3. Instrumentation, experimental and analysis methods

The mass-selection is implemented satisfying the condition that the electrostatic field
energy balances the kinetic energy of the deflected particle, valid for the relation:

m 2U

where m and ¢ is mass and charge of the particle, respectively, U is potential, applied
to electrodes, and v is velocity of the particles (assumed to be the same for all incoming
particles).

Considering that clusters pass through the filtering with the same velocities, mass-to-
charge ratio is proportional to the potential applied to EQMS electrodes:

Zou (3.2)
q

The Faraday cup is placed in the deposition chamber to the density of the charged
clusters beam by measuring the current:

N
t

o1~

(3.3)

where the number of charged particles captured per second is equal to the electric
current per elementary charge.

In the current work, metallic nanoparticles were deposited in two different ways. In the
first case, no potential was applied to electrodes of mass selector(Vggus = 0V') and
nanoparticles of all sizes, produced in the aggregation chamber, were steered straight
onto the substrate (see Fig. 3.1). In the second case, certain values of potential were
applied to EQMS and nanoparticles of particular mass-to-charge ratio (as discussed
above) were deflected by 90° and deposited onto a substrate in the other chamber (see
Fig. 3.1). The details about mass filtering voltages are given below, in the descriptions
of samples used for every study method.

Typical background pressure in the source chamber was (3 — 9) x 10" mbar, which
increased up 2 — 3 x 1073 mbar under the magnetron operation. In the deposition
chamber, the background pressure was (1 — 6) x 107" mbar, increased to (5 - 6) x
1079 mbar during the cluster deposition. Copper nanoparticles were deposited using
gas flows of argon and helium at 72 — 78 scem and 10 — 30 scem, respectively. For
production of silver nanoparticles, argon flow of 76 — 84 scem and helium flow of
7 — 38 scem were kept. Typical operating values of magnetron power were set to
70 — 85 W for fabrication of silver, and 70 — 100 W for copper nanoparticles.

UV-0Ozone Treatment

Several quartz substrates with deposited copper nanoparticles were treated in UV-
ozone environment after the deposition.

The ultraviolet-ozone cleaning apparatus was employed to form protective copper
oxide layer [140] on Cu nanoparticles, immediately after samples with particles were
taken out of deposition chamber. Previous studies with XPS had revealed direct
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copper oxidation to cupric oxide phase after ozone treatment of Cu foils [140] and Cu
nanoparticles [25].

The set-up of UV-ozone treatment consists of two lamps, emitting ultraviolet 184.9 nm
and 253.7nm light which irradiates atmospheric oxygen.

Under illumination with ultraviolet rays, oxygen molecules absorb the 184.9 nm light
and form ozone via following reactions:

02— 0+0

O + 02 —> 03
Meanwhile, ozone decomposes when irradiated with 252.7 nm ultraviolet light.

Both processes generate atomic oxygen which is strong oxidising agent.

3.2 Atomic Force Microscopy

Samples of silicon substrates, covered by silver and copper nanoparticles, were pro-
duced for size analysis by AFM. Different samples were produced applying Vegus =
0, 700, 1300V for deposition of copper, and, Vegums = 200, 500, 1100, 1700V for sil-
ver nanoparticles. Deposition time was kept short in order to fabricate samples with
low nanoparticle coverage (less than 1 monolayer).

Scanning Probe Microscope NTEGRA Aura (NT-MDT) was used to measure sur-
face topography of samples by atomic forces. Standard silicon cantilevers with tip
curvature radius smaller than 10nm were used, tapping mode was selected for the
measurements.

Evaluation of nanoparticle sizes was performed in Image Analysis software using Ad-
vanced Watershed module. This option allows to collect data of maximum heights
from automatically detected grains (particles). However, only isolated single nano par-
ticles were considered, in order to disregard wrong measurements related with poor
quality of the image, possible impurities on the substrate surface and stacks of few
nanoparticles.

Previous studies had demonstrated that clusters, produced by MaSCA, are tend to
preserve nearly spherical shape [112|. Therefore, heights of nanoparticles, measured
by AFM, are approximately equal to the diameter (heyster ® detuster)-

3.3 X-ray Photoelectron Spectroscopy

Composition of copper nanoparticles was analyzed by X-ray photoelectron spectroscopy
(XPS) together with Auger Electron Spectroscopy (AES). The measurements were
performed repeatedly during the period of 2.5 months in order to study spectral
changes related to copper oxidation.

For the analysis, a set of two silicon substrates, covered by copper nanoparticles, were
used. Nanoparticles were filtered at Vpgys = 700V prior deposition. One sample
was measured immediately after deposition. Another one was treated in ozone en-
vironment for 20 minutes immediately after deposition of nanoparticles and stored
in Ny atmosphere in order to prevent further interactions with atmospheric oxygen,
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until the first measurement, performed after a week (indicated as day 8). Both sam-
ples were kept in ambient laboratory conditions and room temperature between the
measurements.

Spectroscopy measurements were carried out using a system from SPECS equipped
with Phoibos 150 hemispherical analyser, one-dimensional delay-line detector and
monochromatic X-ray source. The spectra were recorded with Al X-rays (1486.6¢eV)
at a fixed pass energy of 50 eV in the analyser ensuring a high transmission and
providing a sensitivity for identification of small spectral shifts of the peaks of interest,
Cu2psjp, Cu2py o and satellites as well as Cu and Cu oxide Auger electron peaks. The
measurements were carried out in ultra-high vacuum conditions (pressure lower than
2x107? mbar) on the samples with as-deposited copper nanoparticles and those treated
in UV-ozone environment.

3.4 Optical Spectrometry

The optical spectrophotometer Lambda 1050 UV /VIS/NIR (Perkin Elmer, United
States) was employed to measure the relative extinction spectra of nanoparticles.

Several samples with size-selected copper (Vegars = 700, 1300 V) and silver

(VEQms = 200, 500, 1100, 1700 V') nanoparticles, deposited on quartz substrates, were
analyzed. In a case of copper, two samples with each size of nanoparticles were
produced. One of them was kept in ambient laboratory conditions, the other one
was UV /ozone treated immediately after the deposition and then kept in the same
ambient conditions.

The wavelength range of A = 350 — 800 nm was used in optical measurements, for
samples with copper nanoparticles and A = 320 — 750 nm for the samples, covered by
silver nanoparticles.

The measurement requires to individually collect the transmission spectra of the sam-
ples and bare quartz substrates in order to obtain relative extinction of the metal
particles only. Therefore, the following formula was used to calculate relative extinc-
tion of metallic nanoparticles, Ejanoparticles:

Enanoparticles = (100% - Tnanoparticles+q) - (100% - Tq) (34)

where Thanoparticles+q 18 the transmittance of samples with metal nanoparticles and T
is the transmittance of bare quartz substrate.

3.5 Surface Enhanced Raman Spectroscopy

The Raman spectroscope inVia (Renishaw, United Kingdom) was used to examine
methylene blue (MB) molecules on the silicon substrates (with deposited nanoparticles
and without) evaluating the LSPR contribution to the intensity change of Raman
scattered light. The laser light of 532 nm was used as an excitation source.

Sample preparation

Silicon substrates were covered with size-selected copper and silver nanoparticles.
Copper nanoparticles were filtered at Vggars = 700, 1300 V' meanwhile silver nanopar-
ticles were deposited applying Vegars = 500, 1100, 1300 V. Simultaneously, the cov-
erage of the substrate was controlled by adjustments of the deposition time in relation
to the measured current of the cluster beam.



3.6. Matrix-assisted Laser Desorption Ionization Mass Spectroscopy 27

Methylene blue is chose as the probe molecule for these experiments. Methylene
blue powder was purchased from Sigma-Aldrich and the proper amount was mixed
with milliQQ water in order to prepare a stock solution with concentration of 1mi.
Subsequently, volumes of 1M, 0.1uM and 0.01pM methylene blue aqueous solution
were prepared by dilution steps. Droplet with volume of 0.1mL, from these solutions,
were poured on the surface of the substrate. The samples covered with a droplet were
placed inside a vacuum drier in order to facilitate the evaporation of the water content
and let the methylene blue molecules to deposit on the surface of the substrate.

The methylene blue concentration cy;p = 1mM was used for Normal Raman mea-
surements on bare silicon substrate. For SERS measurements, both silver and copper
nanoparticle substrates were covered with cy;p = 1mM, while droplet of 1uM, 0.1uM
and 0.01uM analyte solution were dried only on silver SERS substrates.

SERS procedure

Conventional Raman scattering spectroscopy was performed on different spots, ap-
proximately in the central area of the substrate where most of the nanoparticles are
deposited. The excitation source, the corresponding power of 0.225W (0.5% of to-
tal laser power), exposure time, 5s, and number of acquisition, 50, are maintained
unchanged for each measurement.

Enhancement Factor Evaluation

The enhancement factor (EF) of Raman Scattering signal was evaluated according
Eq. (3.5) at two distinct peaks: ~ 1400 cm ™! and ~ 1600 em ™!, corresponding to char-
acteristic vibrational modes of methylene blue molecules.

EF - Isgrs/csERrs

INRr/cNR (3:5)

here Isprs and Iy are Raman Scattering intensity (measured in counts) at SERS
and Normal Raman conditions, csgrs and cyg are analyte concentrations at SERS
and Normal Raman conditions.

This parameter was evaluated considering the higher signal obtained in the set of
measurements performed on each sample.

3.6 Matrix-assisted Laser Desorption Ionization Mass Spec-
troscopy

Two types of matrices with silver and copper nanoparticles were tested for MALDI
analysis of biological samples.

MALDI experiments where performed at Masaryk University, Czech Republic, ac-
cording the procedure, described below.

Analyte preparation

The model samples were pig brain homogenized tissue and natural beeswax. Both
were purchased in local stores, ensuring the pig brain was fresh. Then, the as received
pig brain was manually homogenized, followed by PYREX® Dounce tissue grinder.
The homogenized mass was frozen at —80°C. The beeswax was cut into small cubes
with 1cm lateral size. The substrates were Si wafers cut into 12 mm x 12 mm pieces
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and washed with pure methanol. The tissue slicing was done under —20°C using Leica
CM1950 microtome. The cut thickness was 20 um for both sample types.

Matrix fabrication

Copper matrices were prepared depositing copper nanoparticles directly on samples
with homogenized tissue by MaSCA without size selection. Sample coverage by Cu
nanoparticles was estimated to be ~ 1 monolayer.

Silver matrices were made by depositing gas aggregated Ag nanoparticles on top of
samples with biological analyte. Silver particles were size-selected at filtering voltages
of Vegms =500, 1100, 1700 V.

Before and after deposition of nanoparticles, samples were stored below room tem-
perature in order to preserve the molecular composition of biological tissues (mostly
prevent degradation through oxidation).

Moreover, a matrix of thin copper thin was produced for comparison with copper
nanoparticle matrices. Thin copper film was deposited on silicon using magnetron
sputtering technique. The deposition was done using 3in water cooled magnetron
gun (TORUS from Kurt J. Lesker) equipped with 99.99% copper target. The process
was carried at 1.5 Pa pressure in argon atmosphere and using 150 W DC source. The
thickness of thin copper film was 8 nm (determined by optical ellipsometry).

Mass spectra acquisition

The mass spectra were acquired using ultrahigh resolution mass spectrometer with
orbital electrode (QExactive Plus from ThermoFisher Scientific). The ion source
was sub-atmospheric pressure (sub-AP) source SubAP/MALDI(ng) from MassTech
equipped with Nd:YAG laser operated at 1kHz frequency. Third harmonic of the
laser at 355 nm was used. The MS experiments were carried out at 1 — 12mTorr
pressure in No, positive ion extraction for copper nanoparticles matrices, positive
and negative for silver nanoparticles matrices, mass range from 50 to 1200 Da, mass
resolution 140000 at m/z = 200, and laser shooting in constant speed rastering mode
with 3.4mm/s with ion accumulation time 1 s.

3.6.1 Laser Irradiation of Silver Nanoparticles

The purpose of this experiment is to study the effects of laser irradiation in MALDI,
on silver nanoparticles. Thus, six squared frames were scratched on the surface of
a silicon substrate, before the deposition, across the entire surface, of nanoparticles
size selected at Vegars = 1100 V. This procedure allows to easily identify different
areas of the substrate. Each frame was irradiated along horizontal lines, separated by
a step of 20 um, with a beam of the same laser as used in MALDI experiments (see
Section 3.6). The power of the laser is changed in each frame, and it is presented in
arbitrary units (LE = 5, 30 and 50), according to its relative increase. A schematic of
the sample is given in Fig. 3.2, indicating the scratched frames (black squares) which
are irradiated with different energy values of the laser beam (blue lines), after the
deposition of silver nanoparticles (gray dots).

The scanned frames were initially investigated by scanning electron microscope (SEM),
in order to evaluate the effects of the laser irradiation and roughly estimate changes
of the nanoparticles coverage, inside and outside the irradiated lines.
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FIGURE 3.2: Schematic of the sample, showing the scratched frames
with the irradiated lines. The different energy of the laser is repro-
duced by the intensity of the color

This experiment was combined with AFM images, inside the scanned frames, which
allowed to further analyze the modification of nanoparticles morphology after laser
irradiation.
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Chapter 4

Results

4.1 Evaluation of Nanoparticle Sizes

The topography of the samples covered with copper or silver nanoparticles was anal-
ysed by AFM in order to evaluate the size distributions of nanoparticles selected with
different voltages applied to the EQMS. Two examples of images are presented in
Fig. 4.1. Earlier investigations showed that deposited Cu and Ag NPs preserve al-
most spherical shape, they slightly oblate in vertical direction [17, 141] Therefore, the
measured height is considered to be approximately equal to the diameter and it is
referred as the size of the nanoparticle.

The mean size of the nanoparticles, filtered at different voltages, is obtained from sev-
eral images taken in different areas of each sample, in order to get sufficient statistics.
The data are collected from three samples with copper nanoparticles and four samples
with silver nanoparticles, deposited with different parameters of mass selection. In
the first set of samples, copper nanoparticles filtered at Vggars = 0, 700, 1300V are
considered and the corresponding size distributions are illustrated in the histograms
of Fig. 4.2. Similarly, the mean height of silver nanoparticles, deposited applying
VEgums =500, 1100, 1700V, is found from the histograms in Fig. 4.3. It is important
to notice that nanoparticles located in close proximity or other strange features of the
sample morphology have been neglected, thus, only isolated nanoparticles, highlighted
with white circles in Fig. 4.1a and Fig. 4.1b were considered for the analysis in order
obtain an accurate estimation of the nanoparticle size distribution.

The size distribution of nanoparticles, formed in the aggregation chamber and de-
posited straight without applying potential to EQMS, was identified with a lognormal
distribution according to [142]:

frn = exp{-In*(h/ho)/(2In(20))} (4.1)

where h and hg are the measured height and the most frequent value, respectively, and
o is the shape parameter. This distribution is reproduced in the histogram obtained
from the data relative to non-filtered nanoparticles (red line in Fig. 4.2a). Thus, the
mean value extrapolated from the fitting curve is hg = 17.5 £ 5.1 nm. Meanwhile, a
precise procedure for the study of the distribution of size-selected silver nanoparticles
was proposed by Popok and Gurevich [124], considering the possible formation of
multiply charged particles as previously suggested by Marom et al. [143].

Thus, the mean height of each sample is associated with a Gaussian curve centered
at the most frequent value. The presence of multiple charged nanoparticles in the
cluster beam, results in the appearance of larger masses and, respectively, larger sizes,
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FIGURE 4.1: AFM images of a-b) silver nanoparticles and c-d) copper
nanoparticles in 2D and 3D. The circles indicate nanoparticles selected
for analysis

such as to satisfy the condition of a constant mass to charge ratio, given in Eq. (3.2).
Thus, assuming the density independent of the cluster size, the height of multiple
charged particles will also be increased proportionally to the cubic root of the number
of charges n, according to d = hs$/n, where hy is the mean height of singly charged
nanoparticle. Consequently, the size distribution of multiple charged nanoparticles is
described by Gaussian curves and it is shown in each histogram, together with the
total distribution, represented by the sum of Gaussian curves for singly and multiply
charged nanoparticles.
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Spectroscopy

As one can see from the histograms presented in Fig. 4.2 and Fig. 4.3, singly charged
particles represent the majority in the beam. They are considered to be the "main"
sizes filtered under given potentials. According to this procedure, the mean height of
singly-charged copper nanoparticles filtered at Vggus = 700V and Vegars = 1300V
are h =19+ 2nm and h = 24.3 + 1.4nm, respectively. Meanwhile, the values extrap-
olated for silver nanoparticles filtered at Vggars = 200, 500, 1100V and Vegums =
1700V are h = 6.8 £ 0.7nm,12.4 + 1.2nm,17.5 + 1.8 and h = 25.9 + 2nm, respec-
tively. These values have been summarized in Table 4.1, together with the number of
nanoparticles analyzed (3rd column) and the ratio of multiple charge nanoparticles to
single charge nanoparticles (5th and 6th columns).

TABLE 4.1: Size distribution of Cu and Ag nanoparticles filtered at
different voltages

Material | Vegams | # NP | h Single | Double/Single | Triple/Single
ov 563 - - -
Cu 700V 1051 19+2 0.21 0.08
1300V 286 24.3+1.4 0.41 0.1
200V 503 6.8+0.7 0.2 0.06
Ag 500V 455 12.4+1.2 0.14 -
1100V 845 175+ 1.8 0.43 0.32
1700V 677 25.9+2 0.05 -

4.2 Detection of Copper Oxide by X-ray Photoelectron
and Auger Electron Spectroscopy

XPS and AES measurements of copper nanoparticles, repeated periodically during
approximately two months, are presented in this section. One of the two samples con-
sidered here was covered with ozonated nanoparticles as described in Section 3.3.

The evolution in time of the characteristic peaks in the X-ray photoelectron and Auger
electron spectra, obtained from the sample with deposited copper nanoparticles, are
presented in Fig. 4.4a and Fig. 4.4b, respectively.

Similarly, changes of characteristic peaks in the X-ray photoelectron and Auger elec-
tron spectra, measured from the sample with ozonated copper nanoparticles, are pre-
sented in Fig. 4.4c and Fig. 4.4d, respectively.

Two characteristic peaks, located at ~ 933eV and ~ 952eV and related to Cu2ps,
and Cu2p,y states, respectively, are clearly visible in each XPS spectrum of copper
nanoparticles, stored in ambient air condition after deposition (see Fig. 4.4a). The
satellite band at ~ 945 eV becomes more pronounced with time. Over time these two
distinct bands become less symmetric due to emergence of shoulder peaks, related to
CuO oxide or Cu(OHy) contribution, as well as intensity of the Cu?" satellite peak
increases.

Meanwhile, the Auger spectra from the same sample (Fig. 4.4b) contain Cu LMM
peaks where the dominance of CusO is observed together with a weaker shoulder of
metallic copper. It also worth noting a peak, located at around 910eV, which could
be related to LVV Auger transitions [144]. This peak disappears with time.

XPS spectra from ozonated copper nanoparticles (Fig. 4.4¢c) are very different, where
the signal of two bands at ~ 933eV and ~ 952eV corresponding to Cu2p;;, and
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FIGURE 4.4: Time evolution of Cu2p,/, and Cu2ps, states in X-ray
Photoelectron Spectra (a, ¢) and bands of Cu, CusO and CuO (kinetic
energies are indicated by vertical lines) in Auger Electron Spectra (b,
d), obtained from freshly deposited and ozonated copper nanoparti-
cles, respectively. Spectra are vertically shifted for a clear graphical
representation of measurements, performed at different times

Cu2py, states, emerge together with strong satellite peaks at ~ 963 eV and ~ 941eV.
An increase of CuO shoulder at Cu2p j, state as well as shoulder of CuO/Cu(OH); for
Cu2ps 52 state, are observed over time. Moreover, the signal from two satellite peaks
of Cu”" state, which are typically attributed to CuO phase [145], is considerably
intense. At the same time, the Auger spectra from ozonated particles (Fig. 4.4d) have
pronounced peak of CuO meanwhile no clear signal of metallic copper is observed.
Compared to non-ozonated nanoparticles, the spectra of the UV-ozone treated ones
do not show any significant time evolution. Moreover, the peak at ~910eV is present
in the first measurement, as it was detected in the Auger spectra of freshly deposited
particles, kept in ambient without any treatment.
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4.3 Extinction Spectra of Copper and Silver Nanoparti-
cles

In this section, the extinction spectra of silver and copper nanoparticles are pre-
sented.

4.3.1 Silver Nanoparticles

Extinction spectra of silver nanoparticles of four distinct sizes were used to analyze
variations of the plasmon band, related with the mean diameter of the deposited
nanoparticles. More precisely, the AFM measurement presented in Section 4.1 are
considered to estimate the size of nanoparticles fabricated with different deposition
parameters.

The extinction spectra measured from samples with each size of nanoparticles are
presented in Fig. 4.5. The plasmon band with maximum, located in the range of
wavelengths between 370nm and 390nm, is clearly visible in every spectrum.
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FIGURE 4.5: Extinction spectra of Ag nanoparticles with different
sizes. The wavelengths corresponding to the maximum values of the
extinction are marked

Considering the sample covered with the smallest silver nanoparticles (d ~ 7nm,
black), the maximum value of the plasmon band is located at 388nm. In the case
of larger nanoparticles (d ~ 12nm, blue, d ~ 18 nm, red, and d ~ 26 nm, green), the
positions of the corresponding extinction maxima are blueshifted, towards smaller
wavelengths.

The intensity of the extinction band increases in relation to the mean size of nanopar-
ticles.

Less pronounced secondary peaks, located around A ~ 470nm, are visible in each
measurement.

4.3.2 Copper Nanoparticles

Extinction spectra of copper nanaoparticles of two sizes (d ~ 19 nm and d ~ 24 nm)
were measured periodically to investigate the stability of the LSPR, when the samples
were stored in ambient condition. Below, these two sizes of nanoparticles are refereed
as small and large.

One substrate covered with small copper nanoparticles (Fig. 4.6b) and one sample
covered with large copper nanoparticles (Fig. 4.6d) were treated in ozone environment
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immediately after the deposition process, and thus indicated as ozonated copper. Two
more samples with small Fig. 4.6a and large copper nanoparticles (Fig. 4.6¢) have been
exposed to ambient laboratory conditions starting from the moment after they were
removed from deposition chamber, without being exposed to any specific treatment.
The latter two samples are named as pure copper.

A few selected extinction spectra of each sample are presented in Fig. 4.6. For each
case, the spectra presented as black lines were measured immediately after the deposi-
tion, noted in the figures as As Dep. Also, the blue lines represent measurements per-
formed approximately 50 days after the deposition, the magenta lines (if present) cor-
responds to a period of approximately 70 days, meanwhile the green lines corresponds
to measures taken after more than 5 months. In the cases of the ozonated samples,
the extinction spectra depicted in red, and indicated in the legend as Ozonated, were
measured immediately after the samples were treated in ozone environment.

Thus, a distinguishable extinction peak is observed in every spectra and the wave-
length position corresponding to the maximum value is superimposed to each diagram.
Small variation of intensity can be discerned from these selected spectra.
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FIGURE 4.6: Extinction spectra measured over time of the samples

with a) small pure Cu NPs, b) small ozonated Cu NPs, ¢) large pure

Cu NPs and d) large ozonated Cu NPs. The wavelength of each peak
is indicated

In order to study the stability of plasmonic propertied exhibited by copper nanopar-
ticles, the features of the plasmon band were monitored over a period of 6 months
and shown in Fig. 4.7. The change of the band intensity, AExt in Fig. 4.7a, was
estimated in reference to the values measured after the deposition of each sample.
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Likewise, shifts of band maxima, AWLpeu in Fig. 4.7b, are compared to the initial
peak position measured after deposition. In these diagrams, the black and red marks
correspond to small and large pure copper nanoparticles, respectively. Meanwhile,
blue and green marks are assigned to small and large ozonated copper nanoparticles,
respectively.
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FIGURE 4.7: Evolution of a) intensity and b) position of the extinction
peaks, of the samples measured over period of ~ 6 months

4.4 SERS Measurements of Methylene Blue

The vibrational spectrum of methylene blue molecules was measured using substrates
covered with metallic nanoparticles, and the results were compared with the spectrum
measured in Normal Raman condition (see Section 3.5).

The Raman scattering peaks, commonly referred to vibrational modes of methylene
blue molecules [146], are clearly visible in the spectrum obtained in Normal Raman
condition. These peaks are indicated in Fig. 4.8.
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FI1GURE 4.8: Normal Raman spectrum of methylene blue

The characteristic peaks of the analyte were also detected with SERS substrates.
Hence, all the spectra in this section are presented together with the result obtained
in Normal Raman condition, providing a visual comparison. Moreover, two distinct
peaks, located at ~ 1400 cm ™" and ~ 1600 em ™!, were detected with highest intensities,
thus, these have been selected as a reference to compare the performance of different
SERS substrates. For each measurement, the same volume of 1mM aqueous solution
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of methylene blue was deposited on SERS substrates with different coverage and size
of deposited nanoparticles.

In the first case, copper SERS substrates, fabricated with nanoparticles of d ~ 24 nm
and different surface coverage of particles which are refereed here as high (H, red line)
and low (L, blue line), are presented in Fig. 4.9a. The detected spectra are presented
in Fig. 4.9a, showing a higher intensity of the signal obtained from the copper SERS
substrates with high coverage of deposited nanoparticles. The enhancement factors
evaluated for the two reference peaks were 4.43 and 1.29, respectively, for high coverage
of nanoparticles, and 3.67 and 1.05, respectively, for low coverage.

At the same time, the Raman spectrum, measured from a copper SERS substrate with
high coverage and smaller nanoparticles (d ~ 19 nm, blue line), is presented. This re-
sult is visually compared with the spectrum obtained from the copper SERS substrate
covered with larger particles (d ~ 24nm, red line in Fig. 4.9b), introduced previously.
Comparing these two spectra, it is possible to see that higher signal enhancement was
obtained with larger copper nanoparticles and a lower signal intensity is observed in
case of substrate, covered with smaller copper particles. Indeed, the corresponding
enhancement factors are 1.51 from the peak at ~ 1400 cm ™! and 0.49 considering the
peak at ~ 1600 cm ™.

Furthermore, a third set of samples, fabricated with ozonated copper nanoparticles
with two different sizes (d ~ 19 nm, blue line and d ~ 24 nm, red line) was investigated.
The obtained SERS spectra are presented in Fig. 4.9¢, in which the intensity of the
detected signal is on the same scale as for the Normal Raman measurement (black).
Accordingly, the enhancement factors evaluated for the peaks located at ~ 1400 cm ™"
and ~ 1600cm ™" are 1.57 and 1.09 respectively, from the copper SERS substrate
covered with smaller (d ~ 19nm) nanoparticles. Meanwhile, for the substrate covered
with larger nanoparticles (d ~ 24nm) the enhancement factors are 1.35 and 0.94 for
the two reference peaks.

The values of the enhancement factor evaluated for the different copper SERS sub-
strates are summarized in the last two columns of Table 4.2. In this table are dis-
tinguished samples with different size (in the 1st column), ozonated and as deposited
particles (in the 2nd column), and different coverage (in the 3rd column).

TABLE 4.2: SERS enhancement factors of plasmonic substrates with
copper nanoparticles. Reference peaks of methylene blue, 1mM, cov-
erage (H-high, L-low) and size of nanoparticles are indicated

Diameter [nm] Type | Coverage | EF @ 1400cm™ EF @ 1600 cm ™!

19 As Dep H 1.51 0.49
Ozonated H 1.57 1.09
As Dep L 3.67 1.05

24 As Dep H 4.43 1.29
Ozonated H 1.35 0.94

Moreover, the applicability of silver nanoparticles for SERS substrates was inves-
tigated. The efficiency of silver SERS substrates was initially studied considering
different coverage and sizes of the deposited silver nanoparticles, keeping the same
concentration (1mM) of the methylene blue for each sample.

Regarding the spectra obtained from two substrates fabricated with different coverage,
low L, blue line and high H, red line, of deposited silver nanoparticles with d ~ 18 nm
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FI1GURE 4.9: SERS spectra of 1mM methylene blue obtained from
copper SERS substrates with: (a) different coverage, (b) different size
and c) ozonated copper nanoparticles of different size

(see Fig. 4.10a), a stronger Raman signal was detected from sample with high coverage
of silver nanoparticles-similarly as in case of copper. Thus, considering the sample with
lower coverage of silver nanoparticles, the enhancement factor for the peak located
at ~ 1400cm™ is 13.39, and the value evaluated considering the peak located at
~1600cem™", is 8.04. Meanwhile, the enhancement actors, obtained from sample with
higher coverage are 24.56 and 21.33 for the same reference peaks, respectively.

Moreover, the higher Raman scattering signal intensity was obtained when substrates
with larger particles (put size) were utilized. (see Fig. 4.10b). This result is more ev-
ident when the spectrum obtained from the silver SERS substrate covered with small
(d ~ 12nm, blue line) nanoparticles, is compared with the signal obtained from simi-
lar samples but covered with larger nanoparticles (d ~ 18 nm, red line and d ~ 26 nm,
green line). Indeed, considering the two samples with larger nanoparticles, the differ-
ence in the intensity of the signal is not so pronounced. Thus, the enhancement factors
evaluated for these three samples, referred to the two reference peaks (~ 1400cm™"
and ~ 16000m‘1), respectively, are 2.68 and 2.08, 24.56 and 21.33, 27.29 and 28.8,
with diameters varying from d ~ 12nm to d ~ 18nm and d ~ 26nm.

The evaluated values of the enhancement factor (4th and 5th column) are summarized
in Table 4.3. In this table, it is indicated the mean size (1st column) and the esti-
mated coverage (2nd column) of silver nanoparticles deposited on the corresponding
substrate.

Furthermore, the possibility to detect analyte at lower concentrations utilizing silver
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FIGURE 4.10: SERS spectra of 1 mM aqueous solution of methylene
blue obtained with: (a) different coverage and (b) different size of the
deposited silver nanoparticles

TABLE 4.3: SERS enhancement factors of plasmonic substrates with
silver nanoparticles. Reference peaks of methylene blue, coverage and
size of nanoparticles are indicated

Diameter [nm| | Coverage | EF @ 1400em™ EF @ 1600 cm ™"
12 H 2.68 2.08
13 L 13.39 8.04
H 24.56 21.33
26 H 27.29 28.8

nanoparticles was investigated. Therefore, different silver-based SERS substrates with
varying mean size of the deposited nanoparticles from d ~ 12nm (Fig. 4.11a) to
d ~18nm (Fig. 4.11b) and d ~ 24 nm (Fig. 4.11c)were considered. More precisely, the
concentration of methylene blue was decreased to 1M (blue line), 0.1uM (red lines)
and 0.01pM (green lines).

It is important to notice that spectra from the 0.01uM concentration of methylene
blue were measured only for the silver SERS substrates covered with nanoparticles
of d ~12nm and d ~ 18 nm. However, none of the characteristic peaks of methylene
blue was detected from the latter sample.

From these results, the enhancement factor, relative to the reference peaks, was evalu-
ated for each sample. Thus, considering the silver SERS substrate covered with small
(d ~ 12nm) nanoparticles and decreasing concentrations of methylene blue aqueous
solution from 1 uM to 0.1 uM and 0.01 M, the enhancement factors, relative to each
solution, are 1.41 x 10%, 2.67 x 10* and 1.22 x 10°, referred to the peak located at
~ 1400 cm™'. At the same time, the enhancement factors evaluated from the intensity
of the peak located at ~ 1600 cm ™" are 1.41 x 104, 2.67 x 10* and 1.22 x 10°.

Similarly, the enhancement factors, relative to decreasing concentration of analyte
solution (1M and 0.1uM), evaluated for the spectra obtained from silver SERS
substrates covered with nanoparticles of d ~ 18 nm, are 2.51 x 10* and 4.07 x 10%,
considering the peak located at ~ 1400cm™!. Regarding the other reference peak

(~1600cm™!), the enhancement factors are 1.24 x 10% and 2.86 x 10%.

Silver SERS substrates covered with large (d ~ 26 nm) nanoparticles led to enhance-
ment factor for the peak located at ~ 1400 cm™, of 3.04 x 10* and 2.88 x 10%, relative
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F1GURE 4.11: SERS spectra of methylene blue obtained from sub-

strates with different-sized silver nanoparticles: a) d ~ 12nm, b)

d ~ 18nm and ¢) d ~ 26nm . Concentrations of methylene blue are
indicated in the legend

to concentration of the analyte solution of 1uM and 0.1pM, respectively. Simultane-
ously, the enhancement factor of the second reference peak (~ 1600 cm™!) are 4.38x10%

and 2.17 x 10, relative to decreasing concentration of the analyte solution.

The evaluated values of the enhancement factor, reported from different concentration
(1st column) of the analyte solution, deposited on silver SERS substrates covered with

nanoparticles of different sizes (2nd column), are summarized in Table 4.4.

TABLE 4.4: SERS enhancement factors of plasmonic substrates with
silver nanoparticles. Reference peaks of methylene blue, analyte con-
centration and sizes of nanoparticles are indicated

cy[pM] | Diameter [nm] | EF @ 1400cm™  EF @ 1600cm ™!
. 12 3.05 x 104 1.41 x 104
18 2.51 x 104 1.24 x 10%
26 3.04 x 10* 4.38 x 104
01 12 6.08 x 107 2.67 x 10%
' 18 4.07 x 104 2.86 x 104
26 2.88 x 10* 2.17 x 10*
0.01 12 3.63 x 10° 1.22 x 10°
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4.5 Mass Spectra of Biological Tissues Obtained Using
Metal Nanostructures

Mass spectra of biological tissues covered by with Cu and Ag NPs, measured utilizing
Laser Tonization/Desorption technique, are presented in this section.

4.5.1 Mass Spectra Obtained with Cu Nanoparticles Matrices

Firstly, the mass spectrum from the matrix of Cu NPs without analyte was measured
in sub-AP MALDI unit in order to determine Cu-containing ions, originating from
surface of nanoparticles.
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FIGURE 4.12: LDI mass spectra obtained from Cu NPs matrix at
different pressures

As can be seen in Fig. 4.12, the most prominent ions, excited from matrix with Cu
NPs, are Cu+, (Cu+ACN+H20)+, (Cu+2ACN)+, and (Cu2+ACN-+2H20)+, where
ACN is an acetonitrile (CoH3N).

Applicability of copper nanoparticles matrices in detection of phospholipids in bio-
logical tissues was evaluated by comparison with signal obtained using matrix of thin
copper film, obtained by sputtered deposition on silicon.

In Fig. 4.13, the mass spectrum of pig brain tissue covered with Cu NPs (in red) is
compared with the spectrum obtained from a copper thin film (in green) which was
employed as a matrix covering the analyte.

One of the most common phospholipids observed in the pig brain tissue is phosphatyl-
choline PC(34:1), which is detected as [PC(34:1)+H]|+ corresponding to three ions at
m/z = 760.58,761.58 and 762.59 (as can be seen in Fig. 4.14a) with ratio between
ions corresponding to the isotopic pattern. Meanwhile the lipid from same group,
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FIGURE 4.13: Mass spectra from pig brain tissue, obtained from Cu
NPs matrix (bottom panels) and Cu thin film matrix (top panels): a)
low ion mass region, b) high ion mass region

PC(36:4), was detected from the sample coated with Cu thin film, but not found in a

case of Cu-nanoparticles matrix (Fig. 4.14b).

In the notations of phospholipids, 34 and 36 mean the combined number of CHs chains
in both fatty acids, while 1 and 4 means the number of double bonds located in the

fatty acid chain.
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FIGURE 4.14: Phospholipids in mass spectra of pig brain, measured
utilizing matrices of copper thin film (green) and copper nanoparticles
(red). Detected ions of phosphatylcholine: a) PC(34:1) b) PC(36:4)

4.5.2 Mass Spectra Obtained with Ag Nanoparticles Matrices

The mass spectra obtained from gas-aggregated silver nanoparticles in positive and
negative ion extraction modes, are presented in Fig. 4.15 As it can be seen, it contains
only ionized silver adducts: Ag*, Ag2*, Ag3*. Additional adducts with water/ace-
tonitrile(ACN) were also detected, which can be a result of small oxidation on the
nanoparticle surface, or due to silver fragments in a gas-phase reaction with surround-
ing humidity and acetonitrile, similarly to the case of copper, presented above.

Mass spectra of phospholipids, measured from samples with pig brain tissue covered
by silver nanoparticles with different sizes, are presented in Fig. 4.16. Negative and
positive ion extraction modes were employed.

As seen in Fig. 4.16, positive ion spectra contains much lower variety of ions, compared
to the one, obtained in the negative ions extraction mode. However, in both cases,
matrices with smaller silver NPs resulted in increase of detection signal, while ion
variability remains independent of particle size.

Similarly, negative ions mass spectrum, measured from sample with beeswax using
substrate with small silver nanoparticles (Fig. 4.17a), demonstrate higher variability
and stronger signal, compared with spectra of positive ions (Fig. 4.17b. The trend
of ion counts increase for smaller sizes of nanoparticles, seen in the case of phospho-
lipids from pig brain mass spectra, is also observed in negative ions mass spectra of
beeswax. Particulary, mass spectrum of beeswax obtained with small silver nanopar-
ticles (Fig. 4.17c) contains signals from saturated /unsaturated fatty acids with max-
imum at 367 m/z (tetracosanoic acid). Moreover, it is possible to detect unsaturated
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FIGURE 4.16: Phospholipids region in mass spectra of pig brain, mea-

sured using Ag NPs matrices: a) positive ions mode, b) negative ions

mode. Sizes of nanoparticles, deposited onto substrates with analyte,
are indicated

fatty acids such as [C24:1]. Also, a formation of [2M~+Ag-H]|- ions is observed in the
higher mass regions.
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FIGURE 4.17: Mass spectra of beeswax measured with Ag NPs ma-

trices: a) positive ions extraction mode, small NPs, b) negative ions
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4.5.3 Laser Irradiation of Silver Nanoparticles

The effect of laser irradiation on silver nanoparticles was investigated by SEM and

AFM as described in Section 3.6.1. The irradiated areas are clearly visible in the SEM
images presented in Fig. 4.18.
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FIGURE 4.18: Example of SEM image of the sample with irradiated
silver nanoparticles. Bright lines, scanned by laser, are clearly visible
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A few SEM images with high magnification, are taken from frames with different laser
energy, LE=5 and LE=30. In the areas non-irradiated by the laser beam, individual
nanoparticles are clearly visible (see Fig. 4.19a and Fig. 4.19b). The next two panels
(see Fig. 4.19¢ and Fig. 4.19d) correspond to the boundary, separating, from top to
bottom, the non-irradiated and irradiated areas. In this images, a gradual decrease
in contrast, making difficult to identify the nanoparticles, is noticeable especially in
the case of high LE. Moreover, in the bottom of Fig. 4.19f, stripes in vertical (slightly
tilted) direction are observable. Nanoparticles can be hardly distinguished in the
images taken from the irradiated areas (see Fig. 4.21d Fig. 4.19f)

To identify areas irradiated by the laser beam using AFM, the scans presented in
Fig. 4.20 are performed. In panels Fig. 4.20a and Fig. 4.20b it is possible to distin-
guish between the horizontal stripes populated by nanoparticles and those not clearly
showing them. Thus, a good correlation with SEM images is found, showing that the
laser irradiation leads to change of the morphology.

The three dimensional morphology of different areas is presented in Fig. 4.21. For
the frame I at the boundary between the non-irradiated and irradiated stripes (see
Fig. 4.21a and Fig. 4.21b), the particle height gradually decreases. This decrease is
much more pronounced for the LE=50. The areas inside the irradiated stripes show
either very low in height nanoparticles (Fig. 4.21b for LE=5), or no nanoparticles
(Fig. 4.21d for LE=50).
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(c)

FIGURE 4.20: AFM images from the frames irradiated with a) LE=5

and b) LE=50. A schematic is presented in c), indicating with red

squares the areas at the edge (I) and inside (II) the laser irradiated
stripes
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FIGURE 4.21: AFM images for a) the edge and b) inside the line
identified in the frame LE=5, and in ¢) the edge and d) inside the line
marked by the laser with LE=50
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Chapter 5

Discussion

5.1 Size of Nanoparticles

The morphology of supported nanoparticles was investigated with AFM. The results in
Section 4.1 allow to identify the shape and surface coverage of the deposited nanopar-
ticles and to investigate the corresponding size distribution, depending on the param-
eters applied for the mass selection (Section 3.1).

First, the circular shape observed in the 2D AFM images, combined with the hemi-
spherical shape, clearly visible in the 3D AFM images, can be related with nanopar-
ticles of approximately spherical shape, as already shown in earlier studies [17, 141].
However, the lateral dimension of the particles observed in the 2D AFM images is
not considered as a reliable data to estimate the real size distribution of the sample
as it is affected by the sharpness of the probe tip, due to convolution effects [147].
Hence, the estimation of nanoparticles size is obtained according to the measure of
nanoparticles height.

Thus, different size distributions were obtained from samples prepared with different
fabrication parameters. It is observed in Fig. 4.2a that a wide range, from 10nm to
40 nm, of nanoparticles size is formed in the aggregation chamber, with mean value at
~ 17.5nm. The lognormal distribution of nanoparticles size, deposited independently
of their mass, or equivalently with Vggus = 0V, reproduce approximately the results
expected for nanoparticles produced by gas-aggregation [142].

Meanwhile, the measurement of size selected nanoparticles, through mass filtering,
allows to study the size distribution obtained by deflecting the cluster beam with dif-
ferent intensity of the hyperbolic electric field generated in the electrostatic quadrupole
(Section 3.1). For each sample, it is identified a mean value of nanoparticles size, cor-
responding to the most abundant data, and also, a few, less frequent, larger values
which are related with the presence of multiply charged nanoparticles (see Fig. 4.2
and Fig. 4.3), as observed by Marom et al. [143] and in agreement with Eq. (3.2), as
explained in Section 4.1.

Interestingly, it is also observed from the height analysis, that silver and copper
nanoparticles with comparable size, are deposited at significantly different voltages.
Since the atomic mass of silver is larger compared with copper, it is assumed that less
silver atoms are necessary to form nanoparticle of the same weight. In other words,
the volume of the deposited nanoparticles will be smaller for heavier materials, if it
is assumed the same atomic density, defined as the number of atoms per volume.
However, this assumption does not account for different size of the atoms of different
materials.
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5.2 Oxide Detection in Copper Nanoparticles

Formation of oxide phase, experimentally detected in copper nanoparticles (see in Sec-
tion 4.2), is discussed in this section. During the period of analysis, two samples were
stored in ambient condition and measured periodically (see Section 3.3). One sample
was ozonated (see Section 3.1) and the other was not treated after the deposition.
Thus, the latter one is referred to the reader as "as deposited", while the former as
"ozonated".

The value of the binding energy for Cu2pg, electrons, emitted from pure Cu, and
that corresponding to CusO, are very similar: 932.6 eV and 932.7 eV, respectively
[145, 148]. Therefore, it is nearly impossible to distinguish if the investigated material
is either pure copper or copper oxide, from the analysis of the XPS spectrum obtained
with freshly deposited copper nanoparticles (Fig. 4.4a).

On the other hand, the difference between the LMM peaks of metallic copper and
copper oxides in Auger spectra is larger [149]. Indeed, it is seen in Fig. 4.4b that the
maximum signal coincides well with the kinetic energy value of 916.8 eV, corresponding
to CugO, but there is also a well-pronounced shoulder at 918.6 eV, which indicates
the presence of metallic Cu. However, for the "as deposited" copper nanoparticles,
the contribution of the peak at 918.6 €V (pure Cu) decrease with time, while those
corresponding to CusO and CuO start dominating. Since Auger electrons are emitted
from very thin surface layer (up to 2 nm), formation of an oxide shell around the
metallic core can be assumed. The thickness of this shell increases with time surpassing
the signal of metallic copper. Additionally, the CusO oxide phase was detected from
the AES, already in the measurement taken after the deposition, indicative of the
poor stability of copper when exposed to atmospheric oxygen.

Moreover, the time evolution of the Auger spectra from the "as deposited" copper
nanoparticles, supports the variations observed in the XPS spectra (see Fig. 4.4a) of
the same sample. In the latter case, high-energy shoulders, for both peaks ascribed to
Cu2py o and Cu2pgj emissions, start to appear with time. This observation can be
interpreted as formation of CuO or even Cu(OH)s2, according to the literature [145].
Additionally, the occurrence of Cu?* satellite peaks at 945 eV and 963 €V, is also
indicative of the presence of the CuO phase. Thus, it can be concluded that copper
nanoparticles exposed to ambient conditions, tend to form initially a CusO oxide
shell, which gradually converts into CuO phase with time. These results are in good
agreement with the earlier findings [25] but show more details on time evolution.

Meanwhile, features similar to the ones observed in the XPS spectrum from the "as
deposited" sample, measured several weeks after the deposition, are visible in the
XPS spectrum of the ozonated copper nanoparticles (Fig. 4.4c), already after the
first week. More precisely, strong shoulders of Cu2p,j; and Cu2ps), peaks, as well
as intense satellite bands, indicating the presence of CuO and possibly Cu(OH),,
appeared immediately. In opposition to the other sample, where the oxidation in
ambient atmosphere was dominated by CusO with gradual transformation to CuO, the
oxidation under UV-ozone treatment undergoes predominately through the formation
of CuO phase. This tendency is supported by the Auger LMM peaks (see Fig. 4.4d).
The predominate formation of CuO is also in agreement with findings of UV-ozone
treatment of Cu films analysis published elsewhere [140]. It is worth mentioning that
both XPS and Auger spectra of ozonated copper nanoparticles are stable on the time
scale of this experiment, i.e. no significant changes in the spectral features. Thus the
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composition of the intentionally formed oxide shell, through the ozonation procedure,
is unaffected by further oxidation in ambient condition.

5.3 Extinction Spectra of Silver Nanoparticles. Size Ef-
fect

Experimentally obtained extinction spectra of different-sized silver nanoparticles, de-
posited on quartz substrates (Fig. 4.5), are good indication of plasmonic response of
silver nanoparticles and its relation with nanoparticles size.

The tendency for plasmon resonance to be more intense for larger structures, predicted
theoretically by Eq. (2.3), is evident from the extinction spectra. The intensity of the
plasmonic peak increased up to 7.4% considering the sample with largest deposited
silver nanoparticles.

At the same time, it is possible to see that plasmonic resonance positions are shifted
towards shorter wavelenghts as the size of the nanoparticles increases from d ~ 7 nm
to d ~ 18 nm. However, the position of the peak for the largest nanoparticles (d ~ 26
nm) coincide with the position of the peak for nanoparticle with d ~ 18 nm.

According to Frohlich’s condition (Eq. (2.4)), the maximum extinction is observed at
the wavelength for which the real part of dielectric function of the metal is equal to
two times the negative value of the dielectric constant of the surrounding environ-
ment. Regarding supported nanoparticles, it is necessary to consider the presence
of the substrate material. In other words, for two silver particles located on top of
quartz substrate, the value of effective dielectric constant of the surroundings will be
larger for the smaller one, which leads to longer wavelength of the plasmon band due
to a stronger interaction with the substrate. Consequently, the Frohlich’s condition
requires the definition of an effective dielectric constant which properly accounts for
all the surrounding materials which may be in the vicinity of the metallic nanostruc-
ture.

A possible method to analytically evaluate the effective dielectric constant, was al-
ready presented in our previous work [150]. This approximation relates the value of the
effective dielectric constant with the size of the metallic nanoparticles, resulting in a
reduced contribution of the substrate to the dielectric constant of the surrounding en-
vironment when the size of the nanoparticles is increased. Consequently, the position
of the peak for large silver nanoparticles was predicted at shorter wavelengths, which
is in agreement with the general trend experimentally observed in Fig. 4.5.

However, there is another phenomenon related to the contribution of depolarization
field, induced by the polarized matter surrounding the center of a nanoparticle. This
effect was described in works by Barber [151] and Meier [152], which introduced the
correction of resonance condition where denominator of Eq. (2.3) becomes:

&(1-¢*) +(2+¢%) +2/3ei¢> (5.1)

here ¢q = kr, k-wavenumber and r-particle radius. Eq. (5.1) has to be equal to zero in
order to have the resonance. For silver nanoparticles with greater radii, this condition
is satisfied for more negative values of ¢, which corresponds to longer wavelenghts of
the LSPR.
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The effect of the substrate, leading to a blueshift of the plasmon band, is dominant
for small nanoparticles, as observed in Fig. 4.5 considering d = 7, 12 18 nm. How-
ever, with size increase, the substrate effect decreases, while the contribution of the
depolarisation effect emerges, leading to redshift of the plasmon band.

Moreover, in this discussion we would also like to address secondary bands at longer
wavelengths (470-480nm), which appear in all the extinction spectra, except the one
of small particles (d ~ 7 nm). The presence of these bands were earlier mentioned in
the literature [141] and attributed to the formation of dimers of nanoparticles located
in close proximity. Because of the non spherical shape, these structures introduce a
secondary plasmonic mode corresponding to collective oscillations of the electrons in
the elongated direction.

5.4 Extinction Spectra of Copper Nanoparticles. Evolu-
tion in Time

Similarly, the plasmonic response of copper nanoparticles with different sizes was an-
alyzed in terms of extinction spectra (Fig. 4.6). In the case of large pure copper
nanoparticles, the extinction band is identified at A = 590nm, and a small blueshift
and increase of intensity is observed when compared to the plasmon band of smaller
nanoparticles, with maximum resonance at 591 nm. However, it is important to em-
phasize that the precise position of the plasmon band can be affected by noise in
the measurement. Nevertheless, this trend replicates the effect observed from silver
nanoparticles with different sizes (Fig. 4.5) and discussed in Section 5.3. However,
the secondary peak visible in the spectra of silver nanoparticles and attributed to the
presence of dimers (see Section 5.3), is not detected from any sample covered with
copper nanoparticles. A possible explanation can be related with the formation of an
oxide phase immediately after taking the samples from vacuum chamber into ambient
atmosphere, which creates a separation between two nanoparticles and, thus, prevent-
ing the formation of dimers. Indeed, emission from the oxide phase is detected in the
Auger spectrum (Fig. 4.4a) of "as deposited" copper nanoparticles, already after the
deposition, supporting this explanation.

Therefore, the characterization of optical properties is necessary to anticipate the pos-
sible application of plasmonic nanoparticles, involving the interaction with monochro-
matic light. In this regard, the stability of plasmonic properties of copper is highly
debatable in literature, mentioning the nanoparticles oxidation in ambient conditions
to be the main reason for the degradation of the LSPR with time. The XPS and
Auger spectroscopy data (Fig. 4.4a), show that, indeed, copper nanoparticles undergo
oxidation in ambient atmosphere, as already discussed in Section 5.2, modifying the
environment surrounding the metallic nanoparticles.

In this section, the evolution of extinction spectra of copper nanoparticles over time
(Fig. 4.7) is discussed, aiming to indirectly relate the oxidation process with changes
in the plasmonic property.

This experiment shows that the intensity of the plasmonic bands, observed in the ex-
tinction spectra of small (d ~ 19nm, see Fig. 4.6a) and large (d ~ 24nm, see Fig. 4.6¢)
pure copper nanoparticles, were increasing in the first two months of observation,
reaching its maximum value after 49 and 69 days, respectively, and the increase is
more pronounced in the case of larger nanoparticles. Yet, the increase of intensity
is not larger than 2%. Nevertheless, these results are combined with the study of
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the XPS and AES discussed in Section 5.2. Accordingly, it is assumed a continuous
growth of the oxide phase which affects the value of the effective dielectric constant,
i.e. increasing it, resulting in a stronger resonance (see Eq. (2.3)). On the other hand,
growth of oxide shell may occur in expense of the metallic core, thus, reducing the
particle size, which according to Eq. (2.3) and the trend observed for silver nanopar-
ticles (Fig. 4.5), should lead to the decrease of the plasmon band intensity. Hence,
these two phenomena would interplay in a complex manner yielding a small increase
of the intensity.

Moreover, recalling again Eq. (2.3), the position of the maximum value is dependent
on the surrounding environment, as the Frolich condition is satisfied at a different
wavelength. Consequently, the formation of the oxide phase leads, also, to redshifts
in the resonance wavelength as it is shown in the results presented in Section 4.3.
Furthermore, it is noticed that this effect is more pronounced with small nanoparticles,
according to the experiments.

From the results presented here, it is assumed a shorter time necessary for the oxi-
dation of relatively smaller nanoparticles, with larger surface to volume ratio, as the
exposed surface area is increased. Thus, supporting a relatively smaller increase of
the plasmonic property and larger redshifts of the plasmonic band. However, it is
important to mention that a complete explanation may require the analysis of the
mechanism of oxide growth, in order to understand the simultaneous effects involv-
ing changes of the surrounding environment and modification of the volume of the
nanoparticles. A possible study may include a quantitative analysis of the evolution
of XPS spectra, comparing samples with copper nanoparticles of different size, and
it can be combined with TEM images, which was already employed in other studies
to investigate the mechanism of oxidation [19, 20, 131]. Additionally, further under-
standing of a possible relation between size of copper nanoparticles and modification
of the plasmonic properties, due to the formation of the oxide phase, can be achieved
by comparison of the time evolution of the extinction spectra, measured from more
samples with larger or smaller copper nanoparticles.

In the end, the improved stability of the composition of ozonated copper nanoparticles,
achieved by ozonation (Section 3.1), as discussed in Section 5.2, is considered as
a possible solution to extend the lifetime of plasmonic copper nanoparticles, limiting
further growth of the oxide phase. For this reason, the time evolution of the extinction
spectra of ozonated nanoparticles is observed over a period of approximately five
months.

Therefore, the intensity of the peak measured on the sample covered with larger
nanoparticles, increased slightly (~ 0.5%) for a period of approximately two months.
This behaviour is not observed in the case of smaller ozonated copper nanoparticles
as the change in intensity can be considered negligible (see Fig. 4.7a).

Moreover, the initial formation of the oxide shell, due to the UV-ozone treatment,
leads to the immediate red shift (AW L > 15nm) of the plasmon band (red lines
in Fig. 4.6b and Fig. 4.6d), resulting in a range of wavelength significantly different
compared with pure copper nanoparticles. On the other side, the band position is
nearly stable on the time scale of five months, showing just a very small and gradual
redshift for larger nanoparticles (see green line Fig. 4.7b), which could be related to
further oxidation and it is consistent with the slow increase of the peak intensity (see
green lines in Fig. 4.7a).
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Consequently, due to the small increase of intensity, observed only for larger nanopar-
ticles, and the unchanged position of the plasmonic band, this procedure is considered
to efficiently improve the stability of copper nanoparticles, opening the possibility for
the fabrication of reliable plasmonic substrates based on copper nanoparticles, without
requiring any special condition for the storing period.

5.5 SERS Measurements of Methylene Blue

The results previously discussed (see Section 5.3), demonstrated the plasmonic prop-
erty of copper and silver nanoparticles produced by MaSCA, as described in Sec-
tion 3.1. Thus, these nanostructures are suitable to increase the Raman scattering
signal when analyte molecules are placed in their vicinity as explained in Section 2.2.
The results presented in Section 4.4, demonstrate the advantageous application of
metallic nanoparticles, since it is generally observed higher intensity of the detected
signal when the analyte molecules are deposited on top of SERS substrates, rather
than bare silicon. Hence, the perfromance of plasmonic substrate is optimized con-
sidering the parameters which affects the their efficiency, such as coverage and size of
nanoparticles, and it is evaluated in terms of enhancement factor, according to the def-
inition in Eq. (3.5) and limit of detection, corresponding to the lowest concentration of
the analyte solution which allows to detect the vibrational spectrum. Additionally, the
applicability of ozonated nanoparticles as SERS substrates, was investigated.

In these experiments, the effects of nanoparticles coverage and size are initially evalu-
ated with 1mM aqueous solution of the methylene blue. Higher intensity of the spectra
and larger values of the enhancement factor of copper and silver SERS substrates, are
obtained from the samples fabricated with a longer deposition time, equivalent to the
increase of the coverage of nanoparticles. More precisely, the enhancement factor is
1.2 times and 2.6 times larger, for copper SERS substrates and silver SERS substrates,
respectively, fabricated with high coverage. Indeed, the distance between nanoparti-
cles sitting on the substrate, is reduced when the coverage is increased, and so it is
possible to increase the probability of randomly forming second generation hot spots,
which will enhance further the signal detected (see Section 2.2).

Furthermore, the enhancement factor is 2.8 times and 1.3 times larger for copper
and silver SERS substrates, respectively, when are considered nanoparticles with d ~
18 — 19nm in comparison with larger nanoparticles (d ~ 24 — 26 nm). Indeed, the
intensity of the plasmonic band increases proportionally to the the nanoparticles size
as proved by the results discussed in Section 5.3. Consequently, analyte molecules will
experience a more intense electromagnetic field when placed in the proximity of larger
nanoparticles, leading to a higher probability to detect scattered photons.

These first results are different for ozonated copper SERS substrates, for which it is not
clearly visible any increase of intensity. Indeed, the highest value of the enhancement
factor estimated, among the different substrates fabricated with this procedure, is only
1.6, considering the optimal combination of coverage and size. Although the intensity
of the plasmonic band is not affected significantly, the resonance wavelength is signif-
icantly red shifted after the UV-ozone treatment, due to the formation of an initial
oxide phase (see Section 5.4). Thus, the excitation source employed is not adequate
as it does not match the resonance wavelength of the SERS substrate. However, it is
important to mention that it may be possible to achieve a good results with a different
excitation source, but it cannot be compared with the performance of "as deposited"
copper SERS substrates, since the experimental conditions are different.
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Furthermore, the highest the enhancement factors, considering the peak located ~
1400cm™1, obtained in these experiments, are ~ 4.5 and ~ 27.3 for copper SERS
substrates and silver SERS substrates, respectively. These values are significantly
smaller compared to the ones commonly found in the literature. In the case of copper
nanoparticles-based substrates, the reported values of enhancement factors vary in a
scale from ~ 10 [153] to ~ 10° [154] for certain SERS configurations. Meanwhile,
SERS substrates with silver nanoparticles were found to be even more efficient than
copper. For instance, silver nanodecahedra with sizes of 60-80 nm successfully en-
hanced Raman signal by ~ 10% order of magnitude when methylene blue was a probe
molecule and 532nm excitation laser was used [155]. In other SERS studies of silver
nanoparticles with a methylene blue, the enhancement factors vary from ~ 10? for
spherical particles with diameter of 15nm [156], up to ~ 10° for larger spherical /rock-
shaped particles with average size of 100nm [157]. Here, is important to emphasize
that reported enhancement values were estimated from measurements where concen-
trations of the analyte were few magnitudes lower than 1mM . As a consequence of the
higher concentration, the deposited molecules, dried on top of the sample, will form a
thick layer which may decrease their interaction with the plasmonic nanostructures,
responsable for the signal enhancement.

For this reason, lower concentrations of methylene blue (1uM, 0.1uM and 0.01pM)
were dried on top of silver SERS substrates, which exhibited a stronger enhance-
ment compared with copper, when the same conditions are considered, as discussed
above. Hence, the intensity of the signal is decreased proportionally to the number of
molecules deposited on the substrate, but it was still possible to detect the vibrational
spectrum of methylene blue, without changing the experimental parameters.

Indeed, the enhancement factors estimated from the samples with 1 M and 0.1 pM,
ranged from 1x10% to 4 x 10* and from 2 x 10* to 6 x 10%, respectively, for silver SERS
substrates covered with nanoparticles of different size. Interestingly, the intensity of
the signal detected from 1mM solution is of the same order, or even lower, compared
with 1M solution. Thus, it is reasonable to assume the saturation of the nanoparti-
cles layer, reached with a certatin concentration of analyte, above 0.1 M.

Nevertheless, variation of the enhancement factor in between the range identified, are
not necessary a consequence of the different size of the nanoparticles. Instead, slightly
different values may be related with an uneven distribution of the molecules on the
substrates, especially when low concentration of the analyte are dried on top of the
substrate. Improvements in this step of the sample preparation, are facilitate the
detection procedure.

In the end, the lowest concentration of methylene blue solution tested in this work
is 0.01uM and it allowed to successfully detect the vibrational modes of the analyte
molecule, obtaining enhancement factor of ~ 10°. However, the characteristic peaks of
methylene blue were reproduced only from one sample. Consequently, this result can
not be considered reproducible but it proves the capability of detecting small amounts
of analyte molecules with the methods for the sample preparation and substrate fab-
rication, emplyed in this study. Indeed, comparing to the limit of detection, reported
for SERS experiments with silver nanoparticles for methylene blue, current result is
comparable (0.001uM [157]) or even better (0.1uM [155]).
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5.6 Metallic Nanoparticles Applicability as Matrices for
MALDI MS

5.6.1 Copper Matrices

From mass spectra, obtained with bare copper nanoparticles matrix (nanoparticles
deposited on silicon, Fig. 4.12) several copper containing ions are detected, where
a few of them include acetonitrile. It is a solvent typically used as a mobile phase
in a liquid chromatography laboratory where mass spectroscopy facility is located.
Therefore, it enters into the sub-AP unit together with humidity and explains the
detection of acetonitrile ions in mass spectra. Increasing the pressure, a decrease of
ACN /water adducts can be observed as a result of lower gas influx into the sub-AP
MALDI unit. Additionally, a small amount of silver ions is detected in these spectra, at
lower pressure. Their presence is attributed to leftovers of sputtered silver which were
trapped on the shielding grid of the EQMS of MaSCA, during previous experiments
with silver cluster beams. Thus, it is possible that silver fragments were detached from
the grid when hit by the beam of copper nanoparticles, and later became co-deposited,
on the sample.

The performance of copper nanoparticles-based matrices is tested by measuring mass
spectra of pig brain tissue. As presented in Fig. 4.13b (green), only a few ions peaks
are detected in this configuration and related to high-mass lipid species. At the same
time, only ions originating from the matrix itself are detected in the low-mass region
of the ion spectrum from pig brain with copper nanoparticles. Consequently, the
absence of charged molecular fragments suggests an inefficient energy transfer from
laser to analyte, promoted by the copper nanoparticles.

Additionally, the results from copper nanoparticles are compared to the mass spectra
obtained with the same measurement conditions but employing a matrix of thin copper
film. It can be seen in Fig. 4.13 that the overall number of different ions detected in
the mass spectrum of pig brain from copper thin film is larger and the relative signals
are more intense, compared with the spectra obtained with a copper nanoparticles
matrix. More precisely, considering the mass region of phosphatylcholine PC(34:1) in
the pig brain spectra (Fig. 4.14a), the intensity of characteristic ions is higher with the
copper thin film matrix. Moreover, lipid from the same group, PC(36:4), are detected
with the sample coated with thin film, but not with the copper nanoparticles matrix
(Fig. 4.14b).

Regarding the low-mass ion region, a few charged fragments of phospholipids are
detected for the case of copper thin film matrix, differently to the result obtained
with copper nanoparticles (see Fig. 4.13a), as discussed previously.

These results show that copper nanoparticles matrices are not suitable for the effi-
ciency detection of lipids and fatty acids. The low ion variety and detected signal
intensity, may indicate that copper nanoparticles weakly promote the desorption /ion-
ization of the analyte.

5.6.2 Silver Matrices

Another set of samples were analyzed where copper nanoparticles matrices were re-
placed with silver nanoparticles matrices. The mass spectra obtained from pig brain
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and beeswax, coated with silver nanoparticles, show a significant increase of the de-
tected ion counts when the measurement was performed in negative ions mode, com-
pared with positive ion mode. It is assumed that the high purity of the nanoparticles
produced in this work, leads to a smaller presence of contaminants which may fa-
cilitate the formation of positive ions. However, this explanation requires a deeper
investigation of the mechanism for the multitude of ionization reactions occurring
during the experiment and it is out of this project scope.

Furthermore, ions corresponding to the analyte, were detected from the beeswax cov-
ered with silver nanoparticles when the measurement was performed with negative
ions extraction (Fig. 4.17b), while only silver ions were registered (Fig. 4.17a) in
positive ion mode, resulting in a larger variability of detected species, in the former
case.

Moreover, the matrix efficiency of silver nanoparticles with different sizes was evalu-
ated. This parameter did not affect the variability of the detected ions, however, the
counts are higher from the sample with smaller nanoparticles (d ~ 15nm), resulting
in a better quality of the spectrum. Consequently, it is assumed a greater efficiency
of the desorption process, which can be related with the increase of the local heating
due to the decreased dimension of silver nanoparticles.

This trend is also observed in the mass spectra of beeswax, obtained with silver
nanoparticles of different sizes (Fig. 4.17b).

Specifically, the beeswax mass spectra from matrices with silver nanoparticles show
signal from negative ions of saturated/unsaturated fatty acids with maximum at
367 m/z (tetracosanoic acid) only for the case of small particles (Fig. 4.17c). It is
possible to detect some unsaturated fatty acids as well, as, for example shown in
Fig. 4.17c. Also, a formation of [2M+Ag-H]|- ions were observed in the higher mass
regions Fig. 4.17b. The intensity of the signal is much higher than the signal detected
from the sample covered with larger silver nanoparticles. It is important to notice
that these ions were not detected in positive mode.

Laser irradiation of Silver Nanoparticles

When silver nanoparticles were exposed to laser beam, the surface coverage and
nanoparticles size are affected, as observed by the analysis of SEM and AFM im-
ages presented in Section 4.5.3.

Indeed, the coverage and size of nanoparticles are lower in the areas irradiated by the
laser beam, according to the images taken from the sample with the lowest energy
(LE=5). The same trends are observe with higher energy irradiated on the sample,
and, interestingly, nanoparticles were not detected inside the lines marked with the
highest energy beam (LE=50). This result show a increased degradation of the de-
posited material for higher energies and it can be combined with the mass spectra
measured from silver nanoparticles deposited on a silicon substrate, supporting the
detection of silver ions after sublimation from the deposited nanostructure.

Additionally, a few stripes (Fig. 4.19f) are visible in the SEM images from the frame
irradiated with LE=30 which may be a signal of nanoparticles melting and diffusion
due to a thermal gradient between areas inside and outside the laser beam.

The obtained results show interesting phenomena on laser-nanoparticle interaction,
which have not been addressed in literature so far. Further studies in this direction
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would bring a considerable contribution into better understanding of heat transfer
mechanisms affecting the LDI.
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Conclusion

In this work, the fabrication and performance of plasmonic substrates, covered with
gas aggregated nanoparticles was investigated. These substrates were applied for the
enhancement of Raman scattering signal and in the detection of lipids by MALDI-
MS. High-purity silver and copper nanoparticles were produced by MaSCA, and de-
posited onto desired samples. The concurrent effects of several parameters related with
the efficiency of the substrates, were studied. Indeed, optical properties of metallic
nanoparticles were found to be affected by size, surface coverage and surrounding
environment.

After the deposition, the morphology of nanoparticles was characterized by AFM,
allowing to monitor the surface coverage and measure sizes of nanoparticles. The sizes
were found to follow log-normal distribution for the case of nanoparticles, produced
without mass-filtering. Size distribution of mass-filtered nanoparticles are well-fitted
by Gaussian curves. Singly-charged clusters were found to dominate in the beam,
while presence of small fractions of multiply-charged nanoparticles was also observed.
Size deviations of the singly-charged nanoparticles were estimated to be within £10 %,
thus, showing very good efficiency of mass filtering.

Plasmonic application of plasmonic copper nanoparticles is often limited by the com-
position changes due to the rapid formation of oxide, which subsequently affects their
performance. For the purpose to address this issue, a study of oxidation process of
copper nanoparticles was included. The composition of copper nanoparticles, stored
in ambient atmosphere, was analysed periodically by XPS. CusO phase was detected
immediately after the deposition followed by gradual transition to CuO phase with
time. The same experiment was carried with copper nanoparticles, treated in UV-
ozone environment, in order to test an alternative method which can limit the oxida-
tion process. The obtained XPS spectra revealed the predominant formation of CuO
phase, preventing nanoparticles from further oxidation.

Copper nanoparticles exhibited a distinguishable plasmon band with maximum around
590nm, with negligible differences between the spectra of small and large nanopar-
ticles, after the deposition. The formation of the oxide phase affected the character-
istics of the plasmon band during the following five months. The resonance position
was gradually shifted towards longer wavelengths, meanwhile the intensity changed
only slightly. The redshift tendency of plasmon band of copper nanoparticles, was
attributed to oxidation process which may be faster in the case of smaller particles.
Further details need to be investigated in order to relate the evolution of the plasmonic
peak with a precise description of the oxide formation.
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On the other hand, extinction spectra of ozonated copper nanoparticles revealed higher
stability of plasmon resonance which did not change significantly for a period of ap-
proximately five months. The improved stability of the plasmonic property was at-
tributed to the stable composition of ozonated nanoparticles, exposed to ambient
atmosphere condition. Consequently, the UV-ozone treatment is a potential method
to efficiently extend the applicability of plasmonic copper nanostructures.

The extinction spectra for silver nanoparticles of different sizes, exhibited a plasmon
band at shorter wavelengths (370 — 388 nm), compared with copper nanoparticles.
The spectra of larger silver nanoparticles showed a tendency to be more intense and
shifted towards shorter wavelengths. The higher plasmon band intensity is in agree-
ment with Mie theory. Meanwhile, the blue-shift of peak position disagreed with
commonly accepted tendency of a red-shift, with an increase of nanoparticle size,
which is assigned to the depolarization phenomenon. The discrepancy was explained
by the effect of quartz substrate, which considerably increases the effective dielectric
function of the medium surrounding the nanoparticles. This effect is especially strong
for small nanoparticles.. One more plasmon band located at longer wavelengths (~
470 nm) was observed for silver nanoparticles of all sizes, and it was assigned to the
formation of closely located dimers, leading to additional transverse resonance. Inter-
estingly, secondary plasmon bands, which were found in LSPR spectra of silver, were
not observed for copper nanoparticles. It can be explained that copper nanoparti-
cles were immediately oxidized in ambient atmosphere and presence of the oxide shell
prevented the excitation of this resonance mode.

The composition(either copper or silver) and nanoparticle size, affecting the optical
properties, were considered during the fabrication of plasmonic substrates for Ra-
man spectroscopy. SERS measurements with both silver and copper nanoparticles
showed low enhancement factors in the case of 1mM solution of methylene blue.
However, the silver nanoparticles showed better SERS performance, compared with
copper ones, was related with the more intense plasmon band. In the experiments
with copper nanoparticles, the enhancement factor, obtained with ozonated copper
SERS substrates, was lower than in the case of non-ozonated copper. It could be
related to a significant red-shift of the plasmon band after the ozonation, moving it
away from the laser wavelength. Consequently, a different excitation source, such as a
He-Ne laser with A = 632.8 nm, may improve the enhancement provided by ozonated
copper nanoparticles.

Low values of the enhancement factor in the experiments with 1mM solution of
methylene blue, were suspected to be caused by too high concentration of the analyte,
forming a thick layer, covering the nanoparticles. It may lead to shielding of the
topmost molecules from an enhanced electromagnetic field, generated by the plasmonic
particles. Thus, lower concentration (0.1-0.01 M) of the analyte solution was tested
on silver nanoparticles. The obtain much higher enhancement proved the assumption
showing the values of 10 — 10°, which are comparable with the literature. The best
SERS enhancement factor of 3.63 x 10° was obtained, reaching the detection limit of
0.01 uM. Interestingly, a clear relation between the size of silver nanoparticles and
enhancement factor was not observed. Therefore, substrates with small nanoparticles,
prepared by MaSCA, would be preferable because of more efficient gas aggregation
of relatively small nanoparticles (ca. 10 — 12nm in diameter) providing high beam
intensity and requiring much shorter deposition times..

Due to COVID restrictions and limited access to the experimental facilities, the low
concentrations of methylene blue were not tested using SERS substrates with copper
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nanoparticles.

Copper and silver nanoparticles were also employed as matrices in MALDI-MS for
the detection of lipids and fatty acids. Positive phospholipids ions were detected
with copper nanoparticles. However, the intensity of the signal and the ion variety
were lower compared with the experiment, where copper thin film was employed as
a matrix. For this reason, the preparation of matrices with copper nanoparticles,
was not considered an efficient method for the detection of lipids from biological
tissues. The reasons of low efficiency of copper nanopartciles in the laser desorption
experiments were not quite clear and this subject requires further investigation.

On the other hand, a greater intensity and variety of negative phospholipids ions
and fatty acids ions were obtained with silver nanoparticles matrices. In this study,
small nanoparticles, with mean diameter of 12 nm, were found to be the most efficient
nanostructures to enhance the signals detected in mass spectra. Similar size of silver
nanoparticles has been already mentioned in the literature as optimal for fabrication
of LDI matrices [14, 26].

Interestingly, nanoparticles, fabricated by MaSCA, led to better quality of the mass
spectra detected in negative ion mode. In earlier experiments, the opposite ten-
dency was found [26]. This difference can be attributed to a a high purity and and
monocrystallinity of silver nanoparticles produced with the method presented in this
work.

Moreover, the morphology of silver nanoparticles, irradiated with laser beam at dif-
ferent energies, was investigated by AFM and SEM. The same laser as in MALDI
experiments was used. The decrease of nanoparticles density was observed with both
methods, suggesting the possible melting and surface diffusion of metallic material,
after laser irradiation. The phenomenon was found to be strongly dependent on the
laser power. With power increase, the particles in the irradiated areas were not found
suggesting sublimation of silver Further studies are necessary to better understand

the mechanism of the heat transfer between nanoparticles and laser source, affecting
MALDI-MS.
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Appendix A

AFM Images

In this section, additional AFM images are shown. These are relative to copper
nanoparticles (Fig. A.1), size selected at Vpgus = 0V (Fig. A.la and Fig. A.1b),
VeEoms = 700V (Fig. A.lc and Fig. A.1d) and Vggums = 1300V. Meanwhile, silver
nanoparticles deposited at VEQM S =200V (Fig. A.2a and Fig. A.2b), Vgoums = 500V
(Fig. A.2c and Fig. A.2d), Vggms = 1100V (Fig. A.2e and Fig. A.2f), and Vegurs =
1700V (Fig. A.2g and Fig. A.2h), are presented in (Fig. A.2). The structures marked
with white circles, were considered for the height analysis presented in Fig. 4.2 and
Fig. 4.3.
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FIGURE A.1: AFM images of copper nanoparticles size selected at
a,b) 0V, c¢,d) 700V, and e,f) 1300V
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FIGURE A.2: AFM images of silver nanoparticles size selected at a,b)
200V, c,d) 500V, e,f) 1100V and g,h) 1700V
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Appendix B

Extinction Spectra of Copper
Nanoparticles

Time evolution of extinction spectra exhibited by copper NPs are presented in this
section, supporting the results, shown in Section 4.3.2. These spectra are relative to
the periods since the deposition of the particles to the following two months (panels a),
the next three months (panels b). The measurements in Fig. B.1 and Fig. B.2 were
obtained from non-ozonated copper nanoparticles of different size, small and large,
respectively. Similarly, Fig. B.3 and Fig. B.4 illustrate the extinction spectra of small
and large, respectively, ozonated copper nanoparticles.

10 T T T T 10
As Dep 65 days
615 17 days 615 619 92 days
9r 34 days A 9r 119 days -

65 days 176 days

Extinction [%]
Extinction [%)]

500 550 600 650 700 750 500 550 600 650 700 750

Wavelength [nm] Wavelength [nm]

(a) (b)

FiGUureE B.1: Extinction spectra of pure copper nanoparticles with
d ~19nm: a) during the first two months after the deposition and b)
during the following four months
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FIGURE B.2: Extinction spectra of pure copper nanoparticles with
d ~ 24nm, a) during the first two months after the deposition and b)
during the following three months
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FiGUureE B.3: Extinction spectra of ozonated copper nanoparticles
with d ~ 19nm, a) during the first two months after the ozonation and
b) during the following three months
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Ficure B.4: Extinction spectra of ozonated copper nanoparticles

with d ~ 24nm, a) during the first two months after the ozonation and
b) during the following three months
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Appendix C

SERS Spectra

In this section, several SERS spectra measured in different spots on the samples with
cup = LpuM (Fig. C.1), eyp = 1uM (Fig. C.2) and cyp = 1uM (Fig. C.3), are
presented. Different sizes of nanoparticles are considered for each set of samples.
The average value of the enhancement factors are presented Table C.1 (fourth and
fifth columns), together with the number of spectra considered (third column), mean
size of the nanoparticles (second column) and concentration of methylene blue (first
column).

TABLE C.1: Average value of the enhancement factors evaluate for

different concentrations of methylene blue dried onto silver SERS sub-

strates. The number of spectra considered and the mean size of de-
posited nanoparticles are also indicated

ey [pM] | d [nm] | # spectra | avg EF @1400em™ | avg EF @1600cm ™
12 4 (2.84+0.16) x 10* | (1.33+0.09) x 10*
1 18 9 (1.70 £ 0.54) x 10* | (0.91 +0.31) x 10*
26 4 (2.46 +1.14) x 10* | (1.57+0.87) x 10*
12 5 (5.27+0.6) x 10% (2.39+0.16) x 10
0.1 18 5 (3.22£0.5) x 10* (1.82 +0.52) x 10*
26 4 (2.54+0.4) x 10* (1.65+0.4) x 104
0.01 12 4 (3+0.72) x 10° (1.12£0.24 x 10°
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Ficure C.1: SERS spectra from 1pM solution of methylene blue

dried onto silver SERS substrates with mean size a) d ~ 12nm, b)

d ~18nm and c) d ~ 26 nm. The positions of the peaks considered for
the evaluation of the enhancement factors are marked in green
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FiGURE C.2: SERS spectra from 0.1 uM solution of methylene blue

dried onto silver SERS substrates with mean size a) d ~ 12nm, b)

d ~18nm and ¢) d ~ 26 nm. The positions of the peaks considered for
the evaluation of the enhancement factors are marked in green
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Ficure C.3: SERS spectra from 1pM solution of methylene blue

dried onto silver SERS substrates with mean size d ~ 12nm. The

positions of the peaks considered for the evaluation of the enhancement
factors are marked in green
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