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INTRODUCTION

The fields of application of Surface-enhanced Raman Scattering Spectroscopy
(SERS) are very numerous, ranging from environmental studies, forensic science and
pharmacology to biomedicine. Biotechnology is currently a field that is rapidly
expanding, and the constant pursuit of smaller, more efficient, and compact devices
stimulates the ever-growing interest of the research community. Biosensors are
selective and sensitive to biological substances. One of the interesting fields of the
application of the biosensor is SERS, which provides quantitative and qualitative
analyses of biological materials. The use of nanostructured materials for the biosensor
design is attractive because of their unique optical, chemical, and physical properties.
Today, active research is being conducted in pursuit of developing metal nanoscale
structures demonstrating plasmonic properties for the application as SERS active
substrates. Unfortunately, SERS spectroscopy has not found wide practical
application as an analytical method yet, despite significant progress in the formation
and study of nanosized metal structures. The development of an inexpensive
technology for manufacturing SERS-active substrates, which would combine both a
high signal enhancement factor (>10%) and high reproducibility of the signal across
the surface (Signal variation < 10%), is still an ongoing challenge. In this regard, the
task of studying not only the physical aspects of the phenomenon of SERS but also
the development and research of new materials and technologies for the formation of
substrates for SERS spectroscopy will make it possible to apply this method of
spectroscopy in practice to solve applied problems.

Metalized porous silicon (PS) structures have already been shown to offer a
wide practical use for biosensing by SERS. The prospects for PS use are associated
with the characteristics of its structure, biocompatible, optical, and surface properties,
which can be easily varied by selecting the parameters of the initial monocrystalline
silicon and the modes of formation of porous layers. However, there is no systematic
study of the PS formation without a ‘bottleneck’ surface layer that can be used as a
template to produce the highly ordered set of silver nanoparticles (AgNPs) divided by
silicon walls of nanoscaled thickness. This structure demonstrates the prospect of
generating an extremely intensive electromagnetic (EM) field in the spots of AgNPs
and silicon wall contact because of the plasmonic coupling between metallic NPs and
semiconductors.

The other way to achieve the maximum SERS enhancement factor (EF) is to
tune the plasmon resonance to the laser wavelength excitation that is used for
measurements. The plasmonic periodic array of NPs has proven itself as a structure
in which the geometry of the particle arrangement affects the position of the
absorption peak of the structure as well as its intensity. The position of the absorption
peak can be easily adjusted by changing the geometry depending on the needs.

Lithography techniques are widely used to produce an array of NPs with defined
sizes and distances between them, but they incur limitations in nanoscale resolution
and require expensive equipment and time to produce a large area of around 1 cm?.
Capillary-Assisted Particle Assembly (CAPA) is a method of nanoparticle deposition
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on a substrate with a pattern that allows the production of a large area with a
controllable number of NPs per unit and can be considered as an alternative method
to lithography.

However, it is important to study the optomechanical modes of AgNPs as they
can also influence the results of SERS measurements because different relaxation
times of excited electrons on crystallite boundaries do not convert into thermal
dissipation, which causes NPs heating those transfers to the molecules and degrading
them.

In this thesis, we shall mainly focus on the realization and application of SERS
substrates based on the array of NPs implemented in pores of nanostructured silicon,
in which the SERS enhancements factor can be improved due to plasmonic coupling
in the metal-semiconductor interaction and based on a periodic array of NPs whose
sensitivity is increased due to tunable plasmonic properties to the target excitation
laser wavelength.
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I. GENERAL DESCRIPTION OF THE DISSERTATION

1.1. The Aim of the Research

The research aim is to develop extremely sensitive SERS-active substrates using
chemically synthesized AgNPs deposited randomly or in a regular way on different
substrates by a capillary-assisted particle deposition method.

1.2. Research Tasks

1.

To chemically synthesize spherical AgNPs, investigate the effect of the
concentration of the surfactants on the size of the NPs, produce
monodispersed AgNPs, and study their ultrafast optomechanical properties.
To develop an irregular structure based on PS fabricated by electrochemical
etching followed by reactive ion etching (RIE) and investigate their
morphological, structural, and optical properties.

To fabricate regular and randomly structured SERS active substrates by a
capillary-assisted technique by using prepared templates and synthesized
AgNPs.

To investigate the SERS sensitivity of the developed SERS active substrates
by using the organosulfur compound as a target molecule.

1.3. Scientific Novelty

1.

The optimal conditions for the formation of monodispersed spherical AgNPs
chemically synthesized by applying the seed growth method have been
defined.

Investigation of ultrafast charge carrier relaxation on grain boundaries in
chemically synthesized AgNPs has been performed, thereby showing the role
of crystallinity on the electron-phonon interaction.

Systematic studies of the influence of the HF concentration in the electrolyte
and the current density applied during PS formation by electrochemical
etching on the morphology of the pore-open PS structure after RIE-treatment
have been performed, demonstrating the use of the designed structure as a
template for plasmonic NP array formation and perspective application as a
SERS substrate.

Fabrication, investigation, and application of the wavelength-tailored SERS
active substrate based on a periodic array of plasmonic NPs with a controlled
number of hot spots enabled by the SLR has been performed for the first time.

1.4. Key Statements

1.

The seed-growth method can be used to synthesize monodispersed AgNPs
with the required diameter.

2. Ultrafast carrier relaxation in polycrystalline AgNPs can be investigated by

transient absorption spectroscopy.
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3. Electrochemical etching followed by reactive ion etching can be a useful
method for producing controllable open-pore nanostructured silicon.

4. Capillary-assisted particle deposition can be used to assemble NPs into a

periodic/non-periodic lattice controlling their number in the unit cell.

Variation of the NPs sizes tailors the wavelength of SLR.

6. SERS substrates with a tailored SLR to the excitation wavelength and hot
spots to the periodic unit cells show extremely high sensitivity surpassing the
currently existing SERS substrates with random distribution of nanoparticles.

W

1.5. Structure of the Dissertation

The dissertation is mostly based on the results which were published in the
articles prepared by the author and co-authors during the author’s PhD study. The
contents of the dissertation are grouped and compiled according to the defined
research tasks. The main body of the dissertation consists of five chapters: an
introduction and a general description of the dissertation, a review of the recent
description of research, experimental techniques and simulations, results and
discussion, and conclusions. In the first chapter, the introduction to Raman scattering
spectroscopy and ways of scattered signal enhancements leads to the formulation of
the aim and the objectives of the research. Chapter 2 is a literature review of the recent
research in the field of plasmonic structure fabrication providing enhancement of the
Raman scattering signal of organic molecules covering the materials and methods of
plasmonic structure formation, followed by the description of their advantages and
limitations in practical application and commercialization. Chapter 3 presents the
experimental techniques and optical properties simulations used in this thesis. Chapter
4 provides the results obtained and presented in the published papers. In the final
chapter, the conclusion is given where the implementation of the research objectives
and the achieved scientific novelty is highlighted.

This is followed by a list of cited references and copies of the scientific papers
on which the dissertation is based. Finally, the curriculum vitae, lists of scientific
papers and conferences related to the topic of the dissertation, and acknowledgements
are presented.

The volume of the dissertation is 164 pages, including 28 figures, 5 tables, 8
numbered equations and 150 references.

1.6. Author’s Contribution

The results of the research presented in the dissertation were achieved by
conducting the research at the Institute of Materials Science of Kaunas University of
Technology, as well as at South Denmark University in Sondenburg during the
Erasmus+ Internship, and at Life Sciences Center of Vilnius University.

Nadzeya Khinevich independently planned and conducted most of the
experiments and measurements; the author also prepared preliminary analyses and
graphical visualizations.

The present dissertation is based on 4 research papers which feature most of the
results received during the study, marked with the letter [A] in the list of the published

16



articles. The scientific contribution to the articles of the doctoral candidate and each
co-author is as follows:

Al: Khinevich, N., Bandarenka, H., Zavatski, S., Girel, K., Tamuleviiené, A.,
Tamulevicius, T., Tamulevicius, S. Porous Silicon — A Versatile Platform for Mass-
Production of Ultrasensitive SERS-Active Substrates. Microporous and Mesoporous
Materials, 323, 111204 (2021). DOI: 10.1016/j.micromeso.2021.111204.
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II. REVIEW OF THE RECENT RESEARCH

This chapter presents the analysis of the main steps in the scientific development
of SERS spectroscopy and the formation of the SERS substrates. Sections 2.1-2.3 are
devoted to the history of the discovery of the effects of Raman scattering and SERS,
as well as to the studies of the mechanisms of amplification of the Raman scattering
signal. In Section 2.4, the localized and lattice surface plasmon resonances (LSPR and
SLR) are considered in detail. In Section 2.5, the development of SERS substrates
based on LSPR and SLR is considered, describing their advantages and
disadvantages, and some unresolved issues, including the review part published by
the author of the thesis in [A1] are outlined.

2.1. Raman Spectroscopy

With the discovery of the Raman effect by the physicist Venkata Raman in
1928 [1], it became one of the most commonly used vibrational methods for material
structure analysis, complementing [nfrared Spectroscopy (IR). The Raman
spectroscopy is a light scattering technique which is based on the interaction of light
with chemical bonds. Scattered light typically includes elastic scattering (Rayleigh),
which has the same wavelength as the incident light and inelastic scattering (Raman)
at a different wavelength [2] (Figure 1). The scattered wavelength, which differs from
the initial one, is explained by molecule release from the excited virtual energy state
to the vibrational energy level with an increase or decrease in the photon frequency
(vex = wir). The difference in the frequencies is a characteristic of a substance that is
equal to the frequencies of natural oscillation bonds of its molecules, and it appears
as a peak on the two sides of the Rayleigh scatter in the spectra (Stokes and Anti-
Stokes scatter).

Depending on the energy level where the molecule was before the interaction
with the light, the sign in the expression for the frequency ver = vy is determined.

In Raman spectroscopy, the Anti-Stokes transition is less used as it
necessarily requires the molecule to be on the excited vibrational energy level before
the photon interaction. This condition is less common than the initial stage and the
peak intensity is lower relative to the Stokes scatter signal.

Raman spectroscopy is a non-destructive method which provides substance
identification, a study of the dynamics of the crystal lattice, the determination of
chemical bonds and groups in molecules, the study of isomerism, phase transitions in
samples, adsorption, and the detection of microimpurities.

Since the Raman signal is quite weak as only one out of 10® exited photons is
scattered with a changed frequency [2], it becomes unsuitable for studying substances
at low concentrations. One of the ways to enhance the intensity is through Surface-
Enhanced Raman Scattering spectroscopy.
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Figure 1 — Energy level diagram demonstrating Stokes Raman scatter, Rayleigh scatter,
Raman Anti-Stokes scatter (top). The resulting spectrum (indicated with a peak) of Raman
Stokes and Anti-Stokes scattering is relative to Rayleigh

2.2.Surface-Enhanced Raman Scattering (SERS) Spectroscopy

Today, SERS spectroscopy is a commonly used sensing technique where the
number of photons scattered after an interaction with a molecule is greatly enhanced
(more than 10® times), and it enables the detection of a single molecule (SM). Mainly,
SERS makes possible the structural fingerprinting of substances in a low
concentration due to the enhancement of EM fields by plasmon excitation or chemical
enhancement.

The SERS effect was first observed during the Raman spectrometry experiment
with a solution of pyridine molecules in the presence of a rough silver electrode —
enhancement of Raman spectra of pyridine was induced by increasing the efficiency
of light scattering. Initially, the observed increase in the signal was attributed to a
higher number of adsorbed molecules on the metal surface due to its roughness
followed by an increase in the surface area, but later it was identified as arising from
surface enhancement [3].

Almost all early studies of the SERS effect were carried out by using rough silver
electrodes. The development of nanotechnologies over the past 50 years has led to the
possibility of manufacturing and adapting nanostructures from gold, copper,
aluminum, platinum, palladium and many other metals, as well as from their
combinations, which are commonly called SERS-active substrates, to solve the
problems of Raman spectroscopy [4—6]. The discovery of the SERS effect brought
forward research in the classical electrostatic and electromagnetism theory, especially
in relation to NPs, in solving problems of radiating multipoles near metal surfaces, in
the optics of nanostructures and the generation of surface plasmons. The number of
theoretical and experimental studies on the optical properties of metallic structures
and molecules located next to them has increased significantly. In addition, the
discovery of SERS interaction with light helped to bring together, in a single area of
research, such effects as an increase in photoemission due to the resonant coupling of
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optical energy with the surface waves on a grating substrate [7,8], light radiation from
metal particles excited by inelastic tunnelling of electrons [9], anomalous absorption
of light in island films [10], as well as excitation of surface plasmons [11]. The SERS
effect is based on basic enhancement mechanisms due to the interaction of
electromagnetic fields, plasmon excitation, and chemical enhancement.

2.3.SERS Enhancement Mechanisms

As the fundamental aspects of SERS, researchers have been considering two
types of SERS enhancement mechanisms: electromagnetic (EM) enhancement
mechanisms, and chemical (CHEM) enhancement. SERS specialists agreed that both
mechanisms contribute to the enhancement of SERS, as it is experimentally not
possible to separate and determine their individual contributions [12].

In turn, CHEM enhancement relates to molecular polarity amplification and
implies three mechanisms: (1) Enhancement due to chemical interactions in the
ground state between a molecule and NP, which is not related to any excitations of
the NP-molecule system; (2) Resonance Raman enhancement with the excitation
wavelength being resonant with a molecular transition; and (3) Charge-transfer (CT)
resonance Raman enhancement with the excitation wavelength being resonant with
NP-molecule CT transitions [12] (Figure 2). The main requirement to achieve
CHEM enhancement stems from the fact that the molecule must be in direct contact
with the metal surface. This mechanism depends on factors such as the measurement
site, the arrangement in which molecules are bonded, and the energy states of these
molecules.

Metal Molecule Metal Molecule Metal Molecule

— LUMO

— HOMO

a) Ground state chemical b) Resonance Raman c) Charge-transfer
enhancement enhancement resonance enhancement

Figure 2 — Illustration of the three different types of chemical enhancement mechanisms in
SERS. (a) Ground state chemical enhancement; (b) resonance Raman enhancement; (c)
charge-transfer resonance enhancement. (HOMO — highest occupied molecular orbital;

LUMO - lowest unoccupied molecular orbital; Er— Fermi level) [13]

EM is associated with EM field density amplification near a rough metal
surface. This provides specific optical properties of highly dispersed metal
suspensions (for example, colloidal solutions of gold and silver). In the EM theory of
the acting field, the presence of geometrically limited metal nanostructures on the
surface or in the volume of substrates is the key factor determining the SERS effect
and EM enhancement which is directly related to the metal surface roughness [14]. A
rough metal surface can be converted to nanostructured metal particles, for example,
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in the form of ellipsoids (or spheroids), randomly distributed over the metal surface,
having different sizes but smaller than the light wavelength excitation. When light
excites the metal nanostructure, the conductive electrons show up as a collective
oscillation, which causes the EM field to strike around the metal nanostructures. Such
collective oscillations of electrons (or, usually, it is represented as a free electron gas)
are called plasmons. If the frequency excitation light is resonant with the electron
oscillation, then the EM field and the Raman scattering of the adsorbed molecule on
the metal surface are enhanced [15]. The effect of resonant wavelength excitation is
called Plasmon Resonance (PR). For planar structures with propagated or standing
waves, the effect is termed the Surface Plasmon Polariton (SPP), or simply surface
plasmons (Figure 3a), for nanostructured metal particles, the effect is referred to as
Localized Surface Plasmon Resonance (LSPR) (Figure 3b), and, for periodic metal
nanostructures, the effect is named plasmonic Surface Lattice Resonance (SLR).

a Dielectric b Dielectric

qilhy.
AWAVA/ A, afy

Metal
Figure 3 — Schematic of surface plasmon polariton (a); and localized surface plasmon
resonance (b) [16]

The EM mechanism contributes the most strongly to the enhancement of SERS
and is related to the plasmon excitations in metal nanostructures whose plasmon
characteristics strongly depend on the density of electrons, the effective electron mass,
the shape, and the size of charge distribution [17]. The causes of plasmon resonance
and its variations will be discussed in the following section.

2.4.Surface Plasmon Resonances
2.4.1. Localized surface plasmon resonance (LSPR)

Localized surface plasmon resonance is conducted by UV-vis light interaction
with metal NPs (MeNPs) which have a nanosized dimension that is significantly
smaller than the wavelength of the incoming light. Incident light collectively excites
electrons of a conduction band of MeNPs, which leading to coherent localized
plasmon oscillations characterized by a resonant frequency. MeNPs show strong EM
near-field enhancement and appear as the sharp absorption or scattering peak. The
resonant frequency strongly depends on the type of the metal, the size of MeNPs, their
geometry, the dielectric environment and the particle-particle distance [18-21]. SPR
is called localized as it occurs at specific locations on the surface of metal
nanoparticles, rather than propagating across the entire surface (see Figure 5).
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The optical properties of plasmonic spherical NPs were described by the Mie
theory and characterized by the absorption and scattering parameters which are
contributed by dipole oscillation and presented as extinction and scattering cross-
section parameters [22]:

_1smel/?v & (d)
Text =73 [e1(D+2em]2+e,(D?° M
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where V' is the volume of the sphere; 4 is the light wavelength; ¢/ and ¢; are the
real and imaginary parts of the metal-dielectric constant; en is the dielectric constant
of the surrounding medium [22].

Absorption and scattering have the resonant maximum when the denominator
tends to zero. Subject to €1 =-2¢en, the enhanced EM field and the peak on the optical
absorbance spectra correspond to the LSPR of the metallic sphere. Figure 4a,b
presents the real and imaginary parts of Au and Ag. According to the condition of the
extinction maximum, for gold NPs (AuNPs) in water (en=1.7), the LSPR peak is
observed at a wavelength of around 520 nm. The sensitivity of the NPs to &y 1s defined
by the slope of the real component of the dielectric function. The imaginary part also
plays a role in plasmonic properties and is related to the broadening of the LSPR peak
[22].
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Figure 4 — Real (a) and imaginary (b) parts of the complex dielectric functions of Au

(yellow line) and Ag (grey line). (¢) The absorption spectrum of gold colloid solution [22].
Reprinted with permission from [21]. Copyright 2023 American Chemical Society
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According to the Drude model of the electronic structure of metals, the dielectric
permittivity can be a function of frequency [23]:

2
Wp

g =1— —2 3)

w2+y?”’

where w, is the plasma frequency of the bulk metal, and y is the damping
parameter of the bulk metal. For visible and near-infrared frequencies when y < ),
Eq. 3 will take the following look:
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(4)

By applying the resonant condition, the wu.x (LSPR peak frequency) value can
be calculated from:

Wp

Wmax = ToenTt’ )

Converting the frequency to the wavelength and the dielectric permittivity to the
Refractive Index (RI) (¢n = n?), the Ay (LSPR peak wavelength) can be found from
the following Equation:

Amax = Apy/ 20 + 1, (6)

where n, is the refractive index of the surrounding medium, and 4, is the
wavelength corresponding to the plasma frequency of the bulk metal.

Thus, the LSPR peak wavelength depends on the refractive index and can be
tuned in dependence of the surrounding medium. It has been reported that covering
with a material with a higher RI than the medium results not only in LSPR peak
position tuning, but also enhances the EM field and shows a higher stability of NPs
[24-26].

In case two NPs are placed at a distance of 2-10 nm from each other, the
plasmons of these particles can couple with each other. This coupling thereby leads
to a significant increase of the EM field density in the space between NPs and their
so-called hot-spot. The SERS signal can be increased by 10°-10'? by placing it in hot
spots, and it rapidly decays with an increasing distance [27]. Furthermore, the
correlation of the LSPR peak position linearly with the size has been reported [28,29].

.i()SE

Figure 5 — Normahzed electric field (|E|) distribution of nanosphere (a); nanocube (b); and
nanotriangle (c); demonstrating highly localized enhancement [30]

For the calculation of the extinction cross-section of nonspherical NPs, the
extended Mie theory to prolate and oblate ellipsoids by adding depolarization factors
is used [31]. Usually, EM remains highly localized in specific areas, such as edges,
tips, or gaps along the boundary between the metallic surface and the dielectric
material [32-34] (Figure 5).

Different types of NPs can be synthesized, such as cubes, nanorods, triangles,
nanobars [35—41], and nanobranches demonstrating greater sensitivity to the RI of the
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medium [42]. It has been reported that their shape affects the LSPR properties. For
example, in the case of nanorods, bipyramids due to their elongated shape or
emanating from their tips, an additional electron oscillation mode was observed [35].
In this case, the LSPR peak divides into two peaks related to dipolar (DO) and
quadrupolar (QO) oscillations whose positions depend on the geometry of the NPs
[35] (Figure 6).

NPs characterized by LSPR properties (silver, gold, copper, nickel, palladium,
platinum, iron and their alloys) found application not only in SERS but also in
photocatalysis [43,44] solar cells [45,46], and biosensing [47]. SERS preferably use
Ag structures because of their higher plasmon quality in comparison to gold and
copper, and gold because of its superior chemical stability.
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Figure 6 — Absorption bandwidth of different shapes of AuNPs and localized EM field
enhancement at different dielectric constants of the surrounding medium [48]

2.4.2. Plasmonic surface lattice resonance (SLR)

The variation of LSPR is a plasmonic Surface Lattice Resonance (SLR) effect
which is represented in a 1D or 2D metal NP array with a period comparable to the
wavelength and appears as a sharp dip or a peak in transmittance or absorbance
spectra, respectively [49-51]. The physical principle behind SLR includes the far-
field interaction of LSPR which occurs through the in-plane diffraction waves
(Rayleigh Anomaly (RA)) interfering with light scattered by NPs in symmetric media
(Figure 7).

(@) Localized resonance (b) Diffraction grating (C) Surface-lattice resonance
LSPR RA SLPR
Hight field in a small volume Photnoci mode (extended) Hybrid (plasmonic-photonic) mode

Figure 7 — Localized surface plasmon resonance under the incident excitation (vertical
arrows) (a); scattered incident wave (horizontal arrows) by diffraction gratings (b) enhanced
radiative coupling of LSPR through diffraction gives rise to SLR (c)
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The quality factor (Q-factor) of the SLR peak generated by a regular array
experiences a significant increase and can reach as high a value as 330 [52]. That is
much higher compared to the Q-factor of the LSPR peak characterized by a value of
10-20. When the position of LSPR is determined by the optical properties of NP, such
as the size, the shape, and the composition, the position of the pitch of the RA depends
on the array pitch (A) and the medium refractive index (n) which follows the
relationship Aga = An. Theoretical and experimental investigations have been
reported on the influence of the pitch of metal NP, the properties of the surrounding
media, and the thickness of materials on the optical response of SLR [53-55].

Nowadays, several periodic lattice geometries have been reported, such as the
square, rectangular, 45-rotated square, honeycomb, hexagonal, and Lieb lattice which
demonstrate SLR [56]. Spherical NPs, nanocubes, triangles, rods, nanodisks, V-
shaped metal structures, and NPs clusters as active metal structures have been
reported [57-59].

Recently, it has been found that nanoholes in thin metal films can demonstrate a
similar effect [60].

Structures exhibiting lattice resonance are used in a wide range of applications,
including resonators [61,62], sensing devices [63,64], and nanolasers [65,66]. Metal
periodic arrays show a significant promise, particularly in SERS applications, due to
the tunability of plasmon properties [67].

Since the EM mechanism mainly contributes to the enhancement of the Raman
signal, the diversity of the SERS substrates is driven by materials selection for
plasmon resonance optimization.

2.5.SERS-Active Substrates
2.5.1. Basic concept of SERS-active substrates

Various SERS-active substrates based on the LSPR effect for the single- or
multianalyte studies have been reported. Conventionally, regarding the type of
substrate, they can be divided into two groups:

(1) liquid substrates — colloidal solutions of metallic NPs (MeNPs);

(ii) solid substrates — metallic nanostructures immobilized on the surface of the
solid plates, membranes, polymers, etc. [Al].

MeNPs with different shapes (spheres, cubes, triangles, plates, nanostars, core
shells) and sizes [68—70] can be fabricated by chemical synthesis. The control of the
component concentration, the temperature, the reduction time, and the stirring rate
during the synthesis process allows easy manipulation in MeNPs forms, thereby
tuning the LSPR and enabling better SERS at a specific wavelength [71,72]. SERS
measurements with MeNPs can be carried out directly in a solution [73-75], or NPs
mixed with analyte can be deposited on a solid support [76]. NPs aggregation in
solutions leads to an increase in the number of hot spots, which greatly improves
SERS, but non-controlled aggregation tends to NPs sedimentation, and, as a
consequence, to high spatial SERS signal fluctuation. The presently mentioned
disadvantages of liquid SERS substrates, such as a non-reproducible SERS signal and

26



bad stability, as well as the impossible application for quantitative analysis, lead to
limitations in their use.

The solid substrates with ordered assembling of MeNPs are preferable in
practical terms as they demonstrate good signal reproducibility, stability, and a long
shelf life. Along with this SERS substrate, the SERS enhancement factor (EF) and
detection limit (DL) are crucial parameters used for the evaluation of the analytical
performance of the substrates.

EF is a ratio of the SERS intensity contributed by each molecule adsorbed on
the surface to the Raman intensity of free molecules. This parameter is calculated
according to the following formula [68]:

EF = Isers/NseRrs 7)

2’
IRaman/NRaman

where Ngaman and Nsgrs are the molecule numbers in the Raman and SERS
measurements; /zaman and Isgrs are the normalized intensity values of the detected
molecule characteristic band for the Raman and SERS measurements.

DL is characterized as the minimum amount of molecules (or their
concentration) present in a solution; they are absorbed onto the metal surface of the
SERS substrate and become detected and distinguishable within the SERS spectrum.

Overall, while both liquid and solid substrates have their merits and drawbacks,
solid substrates offer superior analytical performance, which makes them preferable
for various applications in SERS-based sensing and analysis. Further research and
development in this field will continue to refine and optimize SERS substrates for
enhanced performance and broader practical applications.

2.5.2.80lid base of SERS active substrates

A great choice of rigid SERS-active substrates based on paper, polymers
(polydimethylsiloxane (PDMS) [77], polystyrene — polyisoprene — polystyrene (SIS)
[78]), plants [79], fibres [80], dielectrics (glass [81], porous aluminium oxide [82])
and semiconductors [83]) have been described [Al]. According to a recent review,
the most popular solid substrates are paper, nanostructured silicon, and polymer [A1].
Despite the popularity of cheap paper substrates, they are unlikely to be implemented
in practice due to their rapid degradability. Nanostructured silicon (e.g. silicon
nanowire ensembles, nanoporous silicon sponges, porous silicon nanoplates, quasi-
ordered arrays of branched or smoothed nano- and micropore channels in silicon)
templates have also been investigated as the SERS-substrate since they provide a
greater contribution to the enhancement of Raman signals [84] and a longer shelf-life
[85][A1]. As aresult of its high surface area and good biocompatibility nanostructure,
silicon-based SERS substrates increase the number of adsorbed molecules, which
leads to a rise in DL. Recently, some outstanding performances have been reported,
such as DL being able to reach 10"® M [86] and a shelf life of up to 3 years [87]). A
detailed review of the varieties of nanostructured silicon, its methods of
manufacturing, and its application have been considered [A1].
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Polymer substrates rank third in popularity for their use as templates for SERS
substrates due to the low cost and easy fabrication of the required geometry (in case
of need) obtained by using the soft lithography technique [88] or by stretching
followed by plasma treatment [89]. It should be noted that, in the case of soft
lithography, the same reproducing patterns in solid materials like silicon molds can
be used an unlimited number of times for substrate fabrication, which increases its
reproducibility from sample to sample [90-94].

In addition, the potential of material elasticity for tuning the optical properties
of metal structures after their fabrication on the surface has been demonstrated
[95,96].

All in all, the diverse range of SERS-active substrates, combined with the
controllable assembly of NPs on solid substrates, provides researchers with versatile
options for tailored SERS applications.

2.5.3. Controllable assembly of nanoparticles (NPs) on a solid substrate

During the last decade, in the process of immobilization of MeNPs on the solid
substrate surface, researchers have been pursuing the goal of increasing the efficiency
of the active SERS substrate by the fabrication of well-defined structures with a high
density of hot spots [97-103].

Several simple methods of immobilization of MeNPs on solid surfaces such as
spontaneous (immersion) deposition [104,105], electrodeposition, vacuum methods
(electron beam, focused ion beam, and photon lithography) [99,106—108], deposition
of MeNPs from colloidal solutions have been reported. The first three approaches can
be used to fabricate large areas of nanoscale patterns. These advantages sound
promising for the development of SERS active substrates; nevertheless, spontaneous
deposition and electrodeposition incur difficulties in the fabrication of well-defined
structures, while vacuum techniques suffer from limitations in metal structure
production with a gap of 2—5 nm, as well as due to having a low fabrication speed and
a high production cost.

The techniques of immobilization of MeNPs from colloids deserve special
attention as they are usually simpler and more cost-effective than the use of
lithography methods [99,107,109,110], Langmuir-Blodgett [111], Langmuir-
Schaefer [112], electrophoretic deposition [113], liquid/liquid (liquid/air) [114,115]
interface self-assembly techniques realize the assembly of NPs into an ordered array.
Such layers of NPs are characterized by evenly distributed hot spots and demonstrate
good signal reproducibility to a signal standard deviation of less than 10% [114].
Additionally, in order to produce the controllable assembly of NPs and the distance
between them, some ligands (antibodies, polymers, organic molecules) are used.
These molecules are strongly adsorbed on MeNPs, which prevents the target molecule
from going to the hot spot. The required cleaning process includes harsh substances
that can partially or completely destroy the structure.

An alternative method to high-order MeNPs assembly fabrication is convective
flows or Capillarity-Assisted Particle Assembly (CAPA). In addition, these methods
are called template-assisted fabrication methods when a patterned substrate is used
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[93]. The manipulation of key parameters, such as the substrate temperature, the
contact angle, and the particle concentration achieve the process speed and yield,
while also enabling the ability to switch from one force to another. The compatibility
of the convective and capillary assembly along with the use of different materials and
sizes of NPs and variations in the trap shapes and depths provides a single or
multiparticle array for multiple applications (memory cells, transistors, plasmon-
guiding structures) [116-118].

The ongoing advancements in both substrate materials and assembly techniques
promise continued improvements in sensitivity, reproducibility, and practicality for
addressing diverse analytical challenges.
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III. EXPERIMENTAL TECHNIQUES AND SIMULATIONS

This chapter describes the materials and experimental techniques, reported in
A2-Ad4, used for fabricating periodic and random (nonperiodic) arrays of AgNPs on
solid templates demonstrating plasmonic properties.

3.1. Silver Nanoparticles Fabrication

Monodispersed AgNPs (diameter SD<10%) were synthesised by using the
seeded-growth method [28] in which a complex of tannic acid (TA) (C76Hs204,
Sigma-Aldrich, China), trisodium citrate (TC) (C¢HsNaz;O7*2H,0, Fluka, Belgium)
and silver nitrate (AgNQOs, Sigma-Aldrich, USA) were used. The synthesis process
consisted of two steps: the synthesis of Ag seeds followed by their growth.

Synthesis of Ag seeds. An aqueous solution (100 ml) containing 5 mM of TC
and 0.0125 mM — 2.5 mM of TA was heated at 100°C degrees for about 15 min under
vigorous stirring. Subsequently, 1 ml of AgNOj3 solution (25 mM) was injected. The
synthesis lasted for 70 min.

Growth of Ag NPs. 19.5 ml of seeds was mixed with 16.5 ml of water and
heated under 90°C, 0.033-0.347 mM of TC, 0.008-0.1mM of TA, and 0.083—0.7 mM
of AgNO; were sequentially injected. After 30 min of heating, 1 ml of aliquots was
extracted for further characterization. The produced solution was used as the seed
solution for the next synthesis step. The growth process was repeated five times. The
aliquots were centrifuged at a set rate from 4000 rpm to 12000 rpm (depending on the
size of the NPs).

AgNPs were functionalized with PVP (Polyvinylpyrrolidone, average MW
~55,000, Sigma-Aldrich, USA) for better stabilization during CAPA deposition.
Before deposition, the concentration of the NPs was increased by up to 10 times, and
the solvent was exchanged and mixed with ethanol and dimethylformamide (DMF) at
a 1/2 ratio [A2].

3.2. Template Fabrication
3.2.1. Porous silicon template fabrication

Antimony-doped Si wafer (100) (Siegert Wafer, Germany) with a resistivity of
0.008-0.02 Ohm-cm was used for PS formation. Before etching, native silicon
dioxide was removed in a low concentration (4 wt.%) hydrofluoric acid solution
(Fluka). Electrochemical etching for PS formation was carried out in an aqueous HF
solution at different concentrations (5, 10, and 20 wt.%) for 90 s. The current density
(7) varied from 20 mA/cm? to 200 mA/cm?. Removal of the parasitic surface layer was
performed by using RIE for 5 min in a 50 scm gas flow of SFeat 20 mT pressure,
40 V bias voltage and 500 W ICP (inductively coupled plasma) coil power (Vision
LL-ICP, Sweden). After the RIE process, all PS samples were cleaned in an ultrasonic
bath in chloroform for 5 min in order to remove the oil that was used to bond them to
a carrier wafer. Just before characterization, the PS layers were treated with diluted
HF solution for a few seconds to remove the oxidized areas [A3].
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3.2.2. Polymer template fabrication

The polymer template with the periodic structure for CAPA deposition was
made of (PDMS) by replicating a 20x20 mm? Si mold while using the soft-lithography
technique. The Si-mold was fabricated by using electron-beam lithography (eLine
plus, Raith, Germany) and RIE (Vision LL-ICP, Plasma-Therm, USA). The pattern
consisted of a square array of 180 nm in diameter, 100 nm tall, and 330 nm centre-to-
centre spaced round pillars. The Si mold was functionalized with trichloro-
(1H,1H,2H,2H-perfluorooctyl)-silane (4/fa Aesar, Germany) to prevent bonding with
PDMS in subsequent soft-lithography replication cycles. 20 ml drop of 10:1 mixture
of polymer base and a curing agent (Sylgard 184, Dow-Corning, USA) was dispensed
on the Si mold and covered with a glass coverslip. The sample was cured at 100°C
for 35 min in the oven. After cross-linking, the glass coverslip with a patterned PDMS
film was separated from the mold [119] [A4].

3.2.3. Capillarity-assisted particle deposition

Open-pore PS and PDMS patterns were used as a template for Capillarity-
Assisted Particle Assembly (CAPA) deposition. CAPA was performed by using a
custom setup equipped with a motorized linear precision translator (LS-710, PI miCos,
Germany), a temperature control system (7EC-1090, Meerstetter Engineering GmbH,
Germany) and an optical microscope system (BX51, Olympus) with a CCD camera
(QOImaging, Micropublisher 3.3) [120]. The PS and PDMS templates were placed on
the moving stage, and 100 pl of AgNPs solution was dispended and confined by a
fixed microscope slide. A drop of the solution moved along the surface, thus forming
a meniscus. Evaporation-induced flux and the contact angle led to AgNPs
accumulating at the edge of the meniscus and going into the pores/traps. The
temperature of the sample holder was controlled by the thermoelectric controller [A4].

3.3. Analysis Methods
3.3.1. Optical spectroscopy

The UV-Vis absorbance spectra of the synthesized NPs were registered by
using a fiber-optic spectrometer AvaSpec-2048 (Avantes, the Netherlands) with a
1.2 nm resolution in the 400—800 nm spectral range [A2].

Transient Absorption Spectroscopy (TAS) was used to study the ultrafast
electron dynamics of Ag NPs. The TAS spectra were recorded by using a HARPIA
spectrometer (Light Conversion, Lithuania). The experimental setup involved an
excited system with an ultrafast 290 fs pulse length and 1030 nm wavelength
Yb:KGW laser Pharos (Light Conversion, LT) with a regenerative amplifier at a
66.7 kHz repetition rate. A collinear optical parametric generator Orpheus and a
harmonic generator Lyra (Light Conversion, LT) were used to tune the pump beam
wavelength to 350 nm with an excitation intensity of 29 uJ/cm?, and the pulse width
at about 290 fs. The samples of Ag NPs were probed with a white-light
supercontinuum generated by using a 2 mm thick sapphire plate excited with the
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second harmonic (515 nm) of fundamental laser wavelength. The spectral range of
the supercontinuum probe, as well as the detection range of the TAS signal relaxation
dynamics, spanned wavelengths from 370 to 674 nm. The excitation beam was
focused on a ca. 700 um diameter spot, and the diameter of the supercontinuum probe
was approximately 500 um [A2].

3.3.2. SEM, TEM and XRD

Scanning electron microscopy (Quanta 200 FEG, FEI) at a low vacuum in a
water vapor atmosphere was used for the imaging of NPs on insulating PDMS
substrates. The electron gun voltage was 10 kV, WD 8.6—8.7 mm, and the spot size
was 3.

Transmission electron microscope Tecnai G2 F20 X-TWIN (FEI, the
Netherlands) with an FE source operated at 200 kV was used for the visualization of
Ag NPs. 20 mL of the precipitates after centrifugation was dropped onto a TEM
copper mesh and left to dry at room temperature. Meanwhile, Ag NCs were inspected
with 2100F (JEOL) TEM operating at 200 kV.

The XRD method was used to analyze the crystalline structure of synthesized
Ag NPs. 8 Discover diffractometer from Bruker AXS GmbH was used, which uses Cu
Ko radiation with a wavelength of 0.154 nm as the radiation source. The experiment
used a parallel beam focusing geometry, and the peak intensities were measured
within the 30-90° 20 range with a step size of 0.012°. Analysis of the diffraction data
was performed by using the DIFFRAC.EVA software, and Rietveld refinement was
performed by using the X'pert HighScore Plus software to determine the crystallite
sizes and lattice parameters [A3].

3.4. SERS Measurements

SERS measurements were performed by using a multiwavelength Raman
microscope (Renishaw, Wotton-under Edge, UK) equipped with a thermoelectrically
cooled CCD detector. Samples were excited and spectra were collected by using the
following combinations of laser wavelengths and gratings: 442 nm (2400 lines/mm),
532 nm (1800 lines/mm), 633 nm (1800 lines/nm), 785 nm (1200 lines/nm), and
830 nm (830 lines/mm). The 30x30 um? surface area was mapped with a step size of
1.5 um. A 50%/0.75 NA (Leica) objective lens focused the laser light to a ca. 0.8—
1.4 um size spot on the surface depending on the wavelength used. The organic
molecule 2-Naphthalenethiol (2NT) (Sigma-Aldrich, Belgium) was chosen as the
target molecule for the substrate’s SERS-activity investigation because of its self-
assembling monolayer ability.

The intensity of SERS was determined by averaging all the acquired spectra on
a selected map and then calculating the intensity at 1377 cm™! by fitting the obtained
spectrum with the Gaussian-Lorentzian shape component. To determine the enhanced
Raman intensity, 2.5 mM of 2NT solution in ethanol was measured in a 1 cm thick
quartz cell by using a 5%/0.12 NA (Leica) objective lens. The method of calculating
EF was detailed in [121]. We assumed that the surface of the AgNP array was fully
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covered with a monolayer of 2NT when one 2NT molecule occupies 34.9 A? surface
area (A%/molecule) [122] [A4].

3.5. Modelling

Finite element method (FEM) modelling was performed by using COMSOL
Multiphysics while employing the wave optics module. Real samples were modelled
by building the unit cell based on the basis of SEM measurements. Floquet boundary
conditions were applied to hexagonal and square patterns. The array was illuminated
from the upper port positioned above the nanoparticle, with varying incidence
wavelength, while a secondary port below collected the transmitted light, resulting in
transmittance spectra. A spherical computational domain with perfectly matched
layers (PML) was implemented for isolated nanoparticle calculations, and a
background field was designed as a plane wave. The far-field border layer was defined
as the boundary separating the physical dielectric domain from the perfectly matched
layer. The optical constants of Ag were taken from [123] [A4].
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IV. RESULTS AND DISCUSSION

4.1. Synthesis and Characterization of NPs

4.1.1. Chemical synthesis of silver nanoparticles (AgNPs) (TA effect on seeds and
further growth)

The influence of the components used for the chemical synthesis of AgNPs
was investigated. The purpose of this research part was to develop a methodology for
the fabrication of AgNPs with the required size and its size distribution by using the
seeds-mediated method. Trisodium citrate (TC) is a popular component which plays
multiple roles (as a reductant and stabilizer) used in nanoparticle synthesis. Even so,
a single use of TC in the growth procedure provides a slow reduction of Ag ions,
causes the new nucleation process arises together with the growth and leads to
inhomogeneous nanoparticle formation [124]. Bastus et al. reported the possibility of
kinetically controlling the reduction of Ag ions by the use of TA in the reaction [28].
Adding TA in a low concentration, which acts primarily as a reducer, makes it
possible to speed up the formation of particles and promotes fast reduction of Ag ions,
thereby preventing additional nucleation. However, at high concentrations of TA, it
forms the complex [Ag,"-TA] and causes the slowdown of particle formation, which,
in turn, forms large and polydisperse AgNPs. A detailed description of Ag ions
reduction in the presence of TA can be found in [28,125].

By varying the concentration of TA in the AgNPs formation process, it is
possible to increase or decrease the speed of nucleation and reduction processes,
thereby influencing the homogeneity of nanoparticles [125].

As a method for the synthesis of monodisperse nanoparticles of the required
size, a seed process was chosen, which consists of two parts: Ag seed formation in the
solution, followed by Ag reduction on the surface of the already formed silver
seeds/particles, inducing consistent AgNPs growth. First, we studied the influence of
TA concentration on the NPs size and distribution in seed solutions. Figure 8 presents
absorbance spectra showing the mean sizes and SD of seeds prepared by using 0.1
mM (Set a), 0.5 mM (Set b), 1 mM (Set ¢), 1.5 mM (Set d) and 2.5 mM (Set e)
concentrations of TA (corresponding to TA/TC ratios 0.02; 0.1; 0.2; 0.3; 0.5). It is
evident that an increase in TA concentration leads to an increase in AgNPs size from
24 nm to 61 nm, which is confirmed by the shift of the SPR peak (Aspr) from ~406 to
~430 nm. Additionally, a high TA concentration changes the degree of
monodispersity where the SD size varies from +4 nm to =13 nm, as can be observed
by analyzing SEM pictures (Figure 9).
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The results of the remaining five steps of seed growth are shown in Figure
10. The mixtures of growing NPs were identical and contained 0.347 mM of TA, 0.1
mM of TC, and 0.7 mM of AgNOs. The shift of the SPR peak for each set (Figure
10) identifies the increase in the NPs size. Interestingly, seeds with ~24 nm (referred
to as Set a, Figure 10a,b,c) exhibit a more gentle growth curve related to the speed
of growth per cycle of the subsequent growth for five series (NPs size changed from
~24 nm to ~70 nm) than the growth curve observed for ~61 nm in diameter (referred
to as Set e, Figure 10d,e,f), where NPs increased from ~61 nm to ~276 nm. In the
latter case, an inhomogeneous growth of NPs is observed, where, after the first growth
cycle, a nonspherical shape of NPs appears, with triangles or hexagonal nanoplates
getting formed after the fifth stage.
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The approach of using seeds with the diameter above 40 nm for the synthesis of
NPs with the target size of around 200 nm in diameter cannot be implemented as its
results in polydisperse NPs. Whereas, the use of ~24 nm seeds demonstrated a
promising potential in the formation of monodisperse nanoparticles (Figure 11);
however, the NPs size can be roughly tuned. All optical and morphology
characteristics of the NPs are presented in Table 1.

Figure 11 — SEM images of NPs prepared with TA concentration (a—b) 0.1 mM and (d—c)
2.5 mM in seeds solution after 1% (a,d), 3™ (b,e) and 5" (c.f) times growth process repetition
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Table 1 — Average and standard deviations of AgNPs measured from SEM Images
and SPR of samples shown in Figure 8 and Figure 10

Growth steps | SPR dipolar | SPR quadrupolar | Mean diameter | SD, nm
Set a (TA concentration 0.1 mM)
0 (seeds) ~406 nm --- 24.4 nm 3.9
1 ~409 nm --- 27.8 nm 4.1
2 ~419 nm --- 36.6 nm 7.9
3 ~429 nm --- 43.7 nm 4.8
4 ~438 nm --- 65.1 nm 5.6
5 ~451 nm --- 70.4 nm 5.9
Set b (TA concentration 0.5 mM)
0 (seeds) ~415 nm - 29.7 nm 5.9
1 ~416 nm - 35.8 nm 7.4
2 ~426 nm - 42.5 nm 9.8
3 ~435 nm --- 63.1 nm 10.6
4 ~448 nm - 83.2 nm 10.7
5 ~466 nm - 99.7 nm 10.1
Set ¢ (TA concentration 1 mM)
0 (seeds) ~424 nm - 42.6 nm 8.9
1 ~429 nm - 53.3 nm 9.1
2 ~444 nm --- 63.5 nm 14.5
3 ~463 nm --- 78.2 nm 13.9
4 ~415 nm ~490 nm 109.4 nm 16.3
5 ~431 nm ~534 nm 135.4 nm 21.4
Set d (TA concentration 1.5 mM)
0 (seeds) ~427 nm --- 57.1 nm 11.9
1 ~455 nm --- 98.1 nm 12.3
2 ~489 nm --- 120.2 nm 11.3
3 ~443 nm ~528 nm 149.6 nm 19.8
4 ~459 nm ~590 nm 187.7 nm 19.04
5 ~463 nm ~621 nm 215.9 nm 22.9
Set e (TA concentration 2.5 mM)
0 (seeds) ~430 nm --- 60.7 nm 13.1
1 ~465 nm --- 100.8 nm 21.1
2 ~435 nm ~507 nm 130.4 nm 18.4
3 ~447 nm ~563 nm 167.6 nm 20.9
4 ~474nm ~676 nm 218.1 nm 26.4
5 ~508 nm ~815 nm 275.5 nm 40.3

Reducing the concentration of components utilized during the NPs growth
process results in a slight increase to 5 nm particle size after each growth cycle. This
is attributed to the reduced amount of silver available for reduction on the surface of
the already formed particles, thereby slowing down the rate of successive growth over
multiple cycles and inducing precise control over the size and uniformity of the NPs.
For this purpose, the TA concentration in the seeds solution was decreased to
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0.0125mM, thus making the TA/TC ratio equal to 2.5x107. Consistent growth of
AgNPs was carried out by using 0.033 mM TC, 0.008 mM TA, and 0.083 mM AgNOs3
in growth solutions, which is almost three times lower than the values used in the
previous experiments (0.347 mM of TA, 0.1 mM of TC, and 0.7 mM of AgNO3).

After each growth step, a shift of the SPR peak by a few nanometers was
introduced, which corresponds to a slight increase in the size of the NPs (Figure 12).
After 21 successive growth procedures, the mean diameter was raised from ~20 nm
to ~88 nm, with SD at around 4—5 nm (Table 2).
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Figure 12 — Absorbance spectra of seeds obtained using 0.0125 mM of TA and 20™
consistent grow AgNPs obtained using 0.033 mM TC, 0.008 mM TA and 0.083mM AgNO;
in growth solutions (a); mean diameter of obtained AgNPs (b)

The growth process presented in the description of the method enables control
over the nucleation, growth and stabilization processes, thereby leading to
reproducible monodisperse spherical AgNPs with a diameter of 2090 nm and SD
lower than 10%. The faster AgNPs formation occurs at a lower concentration of TA
(0.0125 mM in the seeds solution and 0.008 mM in the growth solution) which was
being used for the experiments, because of the strong ability of TA to stabilize
intermediate forms of Ag ions (as supported by the findings of [126]), which results
in producing small nuclei, which further grow homogeneously. The growth
mechanism enabled the formation of NPs with a controlled crystallite size, which is
important in the quantitative studies of electron-phonon scattering, when investigating
the effects of electron scattering in grain boundaries.
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Table 2 — Average and standard deviations of AgNPs measured from SEM Images
and SPR of Samples Shown in Figure 12

Growth steps Mean diameter SD, nm SPR peak
0 (seeds) 19.7 nm 3.9 ~399 nm
1 20.8 nm 4.1 ~401 nm
2 22.1 nm 4.1 ~403 nm
3 24.2 nm 4.1 ~405 nm
4 26.7 nm 4.4 ~407 nm
5 31.8 nm 4.3 ~409 nm
6 34.4 nm 4.2 ~411 nm
7 38.3 nm 3.6 ~414 nm
8 42.4 nm 3.4 ~417 nm
9 43.8 nm 3.5 ~421 nm
10 47.5 nm 34 ~429 nm
11 49.3 nm 3.8 ~431 nm
12 51.9 nm 4.1 ~434 nm
13 55.1 nm 4.6 ~437 nm
14 59.7 nm 4.8 ~439 nm
15 62.3 nm 4.7 ~443 nm
16 65.4 nm 4.8 ~445 nm
17 70.6 nm 4.8 ~451 nm
18 75.3 nm 4.9 ~457 nm
19 80.1 nm 5.1 ~462 nm
20 83.7 nm 4.9 ~463 nm
21 87.5 nm 5.2 ~467 nm

4.1.2. Crystallite structure of AgNPs

The size of NPs is important in quantitative studies of electron-phonon
scattering, in terms of elucidating the effects of electron scattering in grain boundaries.
AgNPs formed after the 4™, 6™, 9" and 13" steps of consistent growth when using
0.0125 mM of TA in the seeds solution and 0.008 mM in the growth solution (from
Table 2) were chosen for the crystalline structure and ultra-fast relaxation dynamics
study. The polycrystallinity of AgNPs was defined by TEM images (Figure 13, top)
and the monocrystalline silver nanocubes (NCs) are presented at the bottom in Figure
13 for comparison. The linear dimension (diameter (D); edge length (EL)) was
determined by TEM and presented in Table 3. XRD patterns of two types of NPs
(spherical and cubes) (Figure 14) show the diffraction peaks at 20 = 38.2°, 44.5°,
64.6°, and 77.6°, 81.7°, which corresponds to the planes (111), (200), (220), (311)
and (222), respectively, of the face-centered cubic (FCC) NPs structure, according to
the standard powder diffraction card Joint Committee on the Powder Diffraction
Standards (JCPDS), NPs file No. 04-0783.

The crystallite size of spherical nanoparticles was calculated by using the
Scherrer formula [127], and the results are presented in Table 3. It can be seen that
the size of the AgNPs crystallite increases together with the diameter (Table 3), and
this is in good agreement with the applied synthesis approach.

39



Figure 13 - TEM analy51s of Ag NPs (S1-S4) and AgNCs (C1 4) . The scale bar is 25 nm
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Table 3 — Mean sizes of Ag NPs (S1-4) and AgNCs (C1-4) based on TEM analysis,
crystallite size based on XRD data, e-ph coupling time constant z..,, from TAS data [A2]

Sample Diameter /Edge Crystallite Crystallite (Crystallite oo (05)
length (nm) size (nm) size/Diameter size/Diameter)?

S1 27.8+4.1 9.8 0.349 0.1218 0.96+0.02
S2 35.7+4.9 10.5 0.310 0.0961 0.90+0.002
S3 44.8+4.4 13 0.291 0.08468 0.77+0.003
S4 56.3+5.6 15 0.272 0.07398 0.69+0.02
Cl 31.3£1.72 27.1 0.8686 0.7545 0.86+0.04
C2 35.1£1.70 27.8 0.7920 0.6272 0.94+0.01
C3 37.2+2.17 30.9 0.8306 0.6899 0.85+0.01
C4 55.8+3.62 32.1 0.5753 0.3310 0.85+0.02

4.1.3. Optomechanical characterization of AgNPs

TAS measurements were conducted for AgNPs S1-S4 (as described in Section
4.1.2) to explore ultrafast processes occurring in them, including defectiveness and
the structure on them.

The measured AgNP solutions demonstrated the TAS signal oscillations that are
typical of monodisperse-sized NPs [128] (Figure 15e,f,g,h) and become clearer with
an increase in the size of the NPs.
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Figure 15 — TAS spectra and traces of S1 (a,e), S2 (b,f), S3 (c,g), S4 (d,h) samples [A2]

Electron-phonon coupling (e-ph, 1) and phonon-phonon (ph-ph, 1) scattering
time constants were calculated from the TAS signal decay traces, measured at
different probe wavelengths and different pump excitation intensities (Figure 16) by
fitting traces at the negative and positive peaks of the TAS spectra by using the
exponential decay function with one or two components (Eq. 8) [129,130]:

t t

1(t) = Aje ™1+ Aye 2+, (8)
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where 7; and 7, are time constants of decay; A4 is me amplitude of the 7; decay
component; A, is the amplitude of the 7> decay component; while /) represents the
background of the TAS signal [131]. The fitting results for AgNPs are summarized in
Table 4.
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Figure 16 — TAS traces of S1 (a), S2 (b), S3 (¢), and S4 (d) samples under different
excitation intensities [A2]

For the investigation of the coupling time constants, pump excitation intensity
measurements were performed in Figure 16. The e-ph coupling time constant (7e-pn)
was extrapolated from 7; under the excitation intensity of 0 as in [129,132,133]. The
extrapolated e-ph coupling time constants are shown in Table 3.

Damping of the excited state depends on e-ph coupling and decreases from 0.96
ps (Sample S1, D=27.84+4.1nm) to 0.69 ps (Sample S4, D=56.3+£5.6 nm). A relatively
weak TAS signal relaxation component that can be attributed to p/-ph scattering was
observed. The duration range changed from 10 to 206 ps (Table 4).

Polycrystalline AgNPs exhibit a decrease in the e-p/ coupling time constant with
an increasing mean diameter (Figure 17a), while monocrystalline AgNCs seem to be
independent of the edge length. However, the grain boundaries of polycrystalline
materials have been reported to play an important role in all modes of plasmon
damping [130] and characterize the e-ph coupling time, which, in turn, depends on
the crystallinity of the NPs [129]. To analyze the decay time constant of the e-ph
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coupling behavior in dependence on crystallinity, we chose the ratio (Crystallite size
/ Linear dimension of AgNPs)? assuming that the higher ratio of the crystallite size
to the size of NPs corresponds to a more pronounced monocrystalline structure and
reduces the number of grain boundaries of the NPs.

Table 4 — Fitting parameters of the S1-S4 AgNPs TAS traces by using Eq. (8) under
different excitation intensities and at different probe wavelengths [A2]

Excitation Probe
Sample | intensity |wavelength 7] (ps) A] 72 (ps) A2 R?

(ud/cm?) (nm)

128 390 1.44+0.02| 1.04+0.01 | 206.3+466.7 | 0.02+0.02 0.9974

440 1.32+0.03| 0.91+0.01 12.9+2.1 0.13+0.01 0.9986

6.4 390 1.15+0.02| 0.99+0.01 | 144.7+192.0 | 0.03+0.01 0.9962

s 440 0.93+0.02| 0.86+0.01 10.8+1.4 0.17+0.01 0.9978

39 385 1.09+0.02| 1.02+0.01 - - 0.9945

445 0.91£0.03| 0.91+0.01 19.2+4.1 0.15+0.02 0.9942

L6 385 1.03+0.03| 0.98+0.01 - - 0.9830

450 0.78+0.03| 0.96+0.02 | 29.3+10.4 0.13+0.02 0.9850

13.6 400 1.12+0.02| 0.91£0.01 | 133.6+162.2 | 0.03+0.02 0.9940

450 1.14+0.03| 0.90+0.01 21.4+4.2 0.16+0.01 0.9957

8 400 1.03+0.02| 0.92+0.01 72.7£71.3 0.03+0.01 0.9942

S 455 0.96+0.03| 0.85+0.01 24.3+4.1 0.17+0.01 0.9953

4 400 0.96+0.02| 0.91+0.01 | 177.9+£301.0 | 0.04+0.03 0.9889

460 0.83+0.04| 0.89+0.02 | 59.7+18.5 0.18+0.02 0.9815

5 400 0.93+0.03| 0.85+0.02 | 189.0+279.6 | 0.07+0.04 0.9770

460 0.74+0.06| 0.91+0.03 | 49.5+22.9 0.21+0.03 0.9424

13.6 405 1.15+0.02| 0.99+0.01 | 109.6+57.0 | 0.05+0.01 0.9973

460 0.98+0.05| 0.92+0.02 27.9+7.0 0.20+0.02 0.9867

s3 g 405 0.99+0.02| 0.97+0.01 | 97.8+79.0 0.04+0.01 0.9951

465 0.99+0.06| 0.90+0.02 | 34.3+26.3 0.10+0.02 0.9656

4 405 0.88+0.03| 0.96+0.02 - - 0.9690

460 0.52+0.08| 1.10+0.09 | 52.1+53.5 0.18+0.06 0.7719

136 410 1.10+0.02| 0.96+0.01 | 102.5+56.5 | 0.06+0.01 0.9953

' 485 0.84+0.07| 0.88+0.04 | 72.5+25.3 0.28+0.03 0.9415

sS4 8 410 0.91£0.03| 0.98+0.01 | 60.8445.9 0.06+0.01 0.9888

485 0.81£0.06| 0.93+0.04 | 206.8+188.7 | 0.30+0.14 09114

4 410 0.84+0.05| 0.90+0.03 - - 0.9086

485 0.65+0.09| 0.80+0.06 - - 0.6697
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Figure 17b presents the linear dependence of the decay time constant on
(Crystallite size / Linear dimension of AgNPs)? and shows that it increases for a higher
ratio of the crystallite size to the size of NPs. These findings are in good agreement
with the other reports where the increase of the coupling efficiency of hot electrons
with phonons due to grain boundaries in polycrystalline gold NCs makes the e-ph
coupling process faster [129,130]. The present results of polycrystalline AgNPs were
compared to the monocrystalline AgNCs (Figure 17¢), where plasmon relaxation
dynamics are indifferent to the size and don’t show any clear dependence on the
(Crystallite size / Linear dimension of AgNCs)? ratio. In Figure 17a,c, the red line
shows the guide for the viewer’s eyes which was chosen to demonstrate that the
coupling time constant does not depend linearly on the size.
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Figure 17 — Dependence of e-ph coupling time constant on the diameter of AgNPs (a). e-ph
coupling time dependence on (Crystallite size / Linear dimension AgNPs)? (b). The red line
shows the guide for eye [A2]
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4.2. SERS Substrates Based on Unordered Particle Arrays in Dielectric
Material

4.2.1. Fabrication and characterization of porous silicon

To fabricate a template with random traps for subsequent filling with NPs to
create their array, porous silicon (PS) was chosen. Typically, PS formed by
electrochemical anodization has a parasitic top layer, the so-called ‘bottleneck’ PS
with little variation in pore sizes. The author of this thesis has demonstrated that
reactive ion etching is an effective method for removing the parasitic layer (or ‘open
pores’) [A3].

The surface morphology of the open pore PS was studied in dependence on the
applied current density and concentration of HF. In Figure 18, the SEM images of
one set of PS samples before and after RIE treatment, formed at j = 60 mA/cm? in 5
wt.%, 10 wt.% and 20 wt.% HF solutions, are shown.

5 wt.% 10 wt.% 20 wt.%

RIE-treated Initial

RIE-treated
cross-section

Figure 18 — Top view of initial PS (on top) formed at j = 60 mA/cm? in the electrolyte with
HF concentration 5 wt.%, 10 wt.%, 20 wt.%. Top view and cross-section of the same
samples after RIE treatment (at the bottom). Scale bar is 500 nm [A3]
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The morphology of RIE-treated PS formed in the electrolyte with 5 wt.% (for all
samples) and 10 wt.% HF (at a high current density) mostly looks smooth, and only a
slight increase in the roughness of PS indicates isotropic etching of the top layer. The
surface of the samples made at 10 wt.% HF at a low current density (20-60 mA/cm?)
and for all samples made with 20 wt.% HF is characterized by the formation of a
porous layer consisting of islands which make the surface rough.

The mean pore diameter and the density of the pores are presented in Figure 19.
One can see that the average diameter increases with an increase in the current density
due to a larger number of holes which move to the Si/electrolyte interface as a
continuous front and provide reactivity for a higher number of Si atoms in the vicinity
of the surface defects. This linear dependence is followed until some critical value of
the current density is reached, and then the pore size starts to decrease (Figure 19a).
It should be noted that the critical current density value depends on the HF
concentration, i.e., for a 5 wt.% HF solution, the maximum pore diameter of ~130 nm
is reached at 60 mA/cm?, while, for 10 wt.% HF solution, a 160 nm pore diameter is
observed at 140 mA/cm?. These trends can be explained by changes in the mechanism
of PS formation by anodization [134]. At the current density higher than the critical
value, the pores become spatially irregular, and a sponge-like structure is formed. The
Si skeleton becomes thinner, and the pore density increases. A further increase in the
current density leads to the electropolishing process. Moreover, electropolishing can
be predicted by the pore density value, e.g., we have experimentally confirmed that,
in 5 wt.% HF solution, this process starts at 100 mA/cm?, while, for 10 wt.% HF, the
current density must be higher than 400 mA/cm?.
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Figure 19 — Dependence of the mean pore diameter (filled symbols) and pore density (empty
symbols) on the applied current density (a) and PS thickness (b) dependence (initial PS
samples are marked with filled symbols; RIE-treated samples are marked with unfilled

symbols) of PS samples formed at different HF concentrations [A3]

The PS thickness growth rate was determined from a cross-sectional analysis of
SEM images. It was established that the growth rate of the layer thickness shows an
almost linear dependence on the applied current density. At the same time, we can
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observe that thicker layers were created at higher HF concentrations during the same
process time (Figure 19b). The analysis of the thickness of the RIE-treated PS layers
shows that the RIE-etch process runs slower for PS with a lower pore density. The
RIE speed increases sharply for the samples fabricated in 5 wt.% HF and at
j =80 mA/cm? due to the high density of pores (which reaches up to 96%) and thin Si
walls. After RIE, we observed that most of the moiety of the PS layer was removed,
and the depth of the produced structure was approximately 500 nm, while the initial
depth of PS was about 2.6 um.

The optical properties of the PS layers, especially the refractive index, are
important for the further development of photonic sensors where a porous material is
used [135]. The surface layer consists of silicon crystallites and pores which
contribute to diffuse light scattering and the final reflectivity. In Figure 20, the
measured PS reflectance spectra of the samples formed at 5 wt.% HF and 10 wt.% HF
exhibit a series of interference fringes related to the constructive and destructive
interference of the reflected light from the air/PS and PS/Si interfaces corresponding
to the Fabry-Pérot interference fringes. By applying the Fabry-Pérot interference
principle [136], the Effective Optical Thickness (EOT) 2npgL was calculated. The
value of the average refractive index of PS (npg) was evaluated from EOT by using
the value of the PS layer thickness (L) (Figure 19). The calculated values are
presented in Table 5. The frequency of the interference fringes strongly depends on
the air fraction values (porosity) in the PS structure [137].

Initial initial —— itial
————— RIE-treated 5 wt.% RIE treated 10 wt.% "3 ~ 20 wt.% RIEreated

Reflectance, a.u.
Reflectance, a.u.
Reflectance, a.u

o T T 0 0
400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800
Wavelength, nm Wavelength, nm Wavelength, nm

Figure 20 — Reflectance spectra of initial PS (solid line) and RIE-treated (dashed line)
formed at j = 60 mA/cm? in electrolyte with HF concentration 5 wt.%, 10 wt.%, 20 wt.%
[A3]
Table 5 — Average refractive index of initial and RIE-treated PS [A3]

Current density (mA/cm?)

HF concentration

20 40 60 80 100 120 140 200
S Wi % initial 3.21 248 1.39 1.20 - - - -
RIE-treated 3.35 2.50 1.41 1.57 - - - -
10 Wt % initial 3.24 3.14 2.99 2.73 2.40 2.13 2.10 2.01
RIE-treated - 3.17 2.97 2.87 2.72 2.20 2.17 2.04

In general, the RIE-treated samples are considered as a one-layer structure, while
the initial samples are considered to be multilayer structures having a different
porosity. The calculated npg values for the samples made by using 5 wt.% and
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10 wt.% HF electrolytes decrease with an increase of the applied current density, and
it relates to an increase of the pore density (porosity) [138], which is in good
agreement with the data presented in Figure 19a. An exception is observed for the PS
sample formed in 5 wt.% at j = 80 mA/cm?, where the refractive index increases. It
can be attributed to the contribution of Si to the reflection spectrum as a result of the
small amount of the remaining PS after etching. In most cases, the npg values of the
non-treated PS samples are slightly lower than those of the RIE-treated samples
because of the presence of a highly porous surface parasitic layer which contributes
to npg and decreases its value. Only in one case (10 wt.% HF; j=60 mA/cm?), the
refractive index of the RIE-treated PS sample is lower than the value of the initial PS
sample, but the difference is rather small, and it might relate to thickness estimation
erTors.

The reflectance spectrum of the initial PS samples prepared in 20 wt.% HF
solution (Figure 20) looks similar to the spectrum of bare silicon. We assume that the
porosity of these samples is so low that we cannot observe any major changes in their
optical properties. The RIE-treated PS reflectivity is characterized by a lower intensity
because of the scattering effect which occurs on a rough surface. In both cases, the
reflectance spectra demonstrate fringes with a very low amplitude that are hardly
distinguished and cannot be used for further determination of the optical parameters.
The optical parameters were not set for the sample formed in 10 wt.% HF and j =20
mA/cm? due to the same difficulties. It should be noted that the removal of the
‘bottleneck’ layer led to the opening of the structure which provided deposition of the
highly ordered group of AgNPs divided by the silicon walls of the nanoscale
thickness, as shown below.

4.2.2. Nanoparticle deposition in the pore of nanostructured silicon and on flat
surfaces

Nanoparticle deposition was performed by using the CAPA method as it
provides the most controlled distribution of colloidal NPs over a template’s surface
compared to the alternative techniques (e.g., drop deposition). AgNPs with a mean
diameter of 62 nm with SD ~10% which coincide with the pore size of RIE treated
PS formed in 10 wt.% HF solution and at j =100 mA/cm? were chosen for the
deposition process. The diameter of the NPs was selected based on the research
showing the successful use of the size of such particles in sensing experiments [139],
and the pore size of the developed PS sample was chosen to be fitted with NPs. In
addition, the same AgNPs were deposited on nontreated PS formed at the same
condition as the PS outlined above. The surface of PS after the AgNPs deposition is
shown in Figure 21.

During the deposition process, several challenges were encountered. First, the
surface of the template must be completely wetted by the solution [140], whereas the
surface of PS is highly hydrophobic [A2]. Second, in spite of the fact that AgNPs
being covered with hydrophilic PVP tended to aggregate more likely rather than pores
penetration. Overcoming this challenge required careful optimization to provide a
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successful integration of NPs onto the PS-based template. In this case, the mixture of
ethanol, DMF, and additional PVP was used to maintain the good stability of NPs and
to increase the wettability of the PS surface. As a result, the entrance filling factor of
~85% of AgNPs deposition into pores was achieved, by applying 0.1 um/s stage speed
of 0.1 m/s and maintaining the temperature at 12°C above the dew point (Figure 21b).
Most of the deposited NPs are placed in pores. In rare cases, they occupied one pore
or were displaced to the edge of the pore.

Figure 21 — Top view of the initial (a); and the RIE-treated PS (b) made in 10 wt.% HF
solution and at j = 100 mA/cm? after AgNPs deposition [A3]

4.2.3. Modelling of nanoparticles on the surface and within pores

To investigate the structure, it is prospective that it has an extremely intensive
EM field in the spots of contact between AgNP and the silicon wall; due to plasmonic
coupling between MeNP and semiconductors [141], the modelling of AgNPs in pores
of RIE-treated Si and on pores of non-treated Si was performed. Open-pore PS has
randomly arranged pores, each of which borders with six others. The structure of NPs
can be displayed as a hexagonal cell (if we somewhat idealize the structure) with a
dimension =92 nm, where the diameter of NPs is 62 nm separated with a 28 nm
silicon wall, as shown in Figure 22a. The same unit cell can be used for closely
packed NPs on the surface of PS with an r equal to 63 nm. In Figure 22b,c, the
distribution of the EM field enhancement is presented. The highest enhancement of
the EM field occurs in the vicinity of the metal surface when AgNPs are placed on
PS. On the contrary, for AgNPs in pores, it is concentrated in the AgNPs-Si wall
contact. As it is seen from the field enhancement distribution for NPs implemented in
pores, the enhancement is 8 times stronger than for NPs on pores, which confirms the
theory of the EM field enhancement in the metal-semiconductor interface. The
simulated reflectance spectra presented in Figure 22c¢,d demonstrate the strong
absorption near the 400 nm wavelength for AgNPs on PS and 375 nm for AgNPs in
pores and exhibit a similar curve to the measured spectrum.
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Figure 22 — SEM image of RIE-treated PS with implemented AgNPs into pores (a); top and
cross-section view of enhancement of EM field of AgNPs on non-treated PS (b); top and
cross-section view of enhancement of EM field of AgNPs implemented onto pores of RIE-
treated PS (c); simulated and experimental reflectance spectra of AgNPs deposited on and
into pores (d,e)

4.2.4. SERS sensitivity of unordered nanoparticle array

The SERS measurements were performed to evaluate £F by using 532-nm laser
excitation. Despite the fact that both structures based on PS are characterized by
absorption in the blue region, they are also sensitive at longer wavelengths. The
recorded spectra of the 2NT molecule adsorbed on AgNPs from solution with 104 M
concentration are presented in Figure 23. The peaks of the typical 2NT vibrational
modes (764 cm™, 1067 cm™, 1377 cm™!, 1583 cm!, 1621 cm™) are highlighted. By
using the intensity of the most intense peak (1377 cm™), EF was calculated, and the
values for NPs on non-treated PS and NPs within pores were 1.4x107 and 5.3x108,
respectively, which indicates a significant enhancement of the Raman signal in the
latter case, in agreement with the theoretically predicted results. This calculation was
performed to provide a simple demonstration of the SERS enhancement for AgNPs
in pores compared to them on PS. However, it cannot be considered as a fully correct
evaluation. The difficulties in EF calculation for PS arise from the possibility of
molecules being adsorbed onto the PS structures, and their amount can depend on the
structure porosity. In the review article [A1], the issue of EF calculation is considered,
and the comparison of SERS active substrates based on PS is suggested to be carried
out based on the values of DL. The DL of the structure based on AgNPs in pores was
set to 10" M for 2NT molecule at 532 nm wavelength excitation that is relatively high
compared to the SERS substrates based on mesoporous silicon covered by AgNPs
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which demonstrated the DL values in the range from 10 to 10" in dependence on
the target molecule [Table 1; A2].
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Figure 23 — SERS spectra of 2NT measured using PS-based substrates with NPs in and on
pores

Due to the low SERS sensitivities of the open-pore PS substrate and difficulties
in depositing NPs in the pores because of the rough surface, we have decided to shift
our focus to SERS substrates based on arrays of NPs with tunable optical properties
designed for targeted wavelength excitation.

4.3. SERS Substrates Based on an Ordered Array of Nanoparticles with
Tunable Plasmonic Properties

4.3.1. Tailored plasmonic array for enhanced Raman excitation

Tailored plasmonic arrays were designed in a way to have an SLR peak (Astr)
closer to the target laser excitation wavelength (Ag<) of 532 nm. For this purpose, a
square grating A = 330 nm (SQ330) with an RA wavelength (4ra) in PDMS at 470
nm was chosen based on the previously obtained results [119]. To show the tunability
of the plasmonic properties of an array of NPs in dependence on their diameter, a
simulation of the periodic structure was done by using a unit cell shown in Figure 24.
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Figure 24 — Simulated transmittance spectra showing SLR peaks generated by arrays of
single AgNPs from 40 to 100 nm in diameter [A4]

The simulated results (Figure 24) show that Asir depends on the diameter of
the NPs. The SLR peak redshifts, and its FWHM increases with an increasing NP
diameter [142]. This behavior of SLR at a constant lattice period is attributed to
changes in the LSPR properties of the particles, in which an increase in their diameter
leads to a shift of the absorption peak to the red wave zone. The FWHM broadening

is caused by Asir moving away from Ara. NPs with a diameter of 90 to 100 nm show
a Astr value close to the target of 532 nm. AgNPs with a diameter of 88+5.2 nm that
have a dipolar LSPR peak around 460 nm and which overlaps the Ara of the 330 nm
square lattice (Table 2) were chosen to assemble into arrays.

Figure 25a presents an SEM image of the assembled plasmonic structure,
where the traps in a structured PDMS substrate are filled primarily with single NPs
(monomer assemblies). In Figure 25b,c, the simulated enhancement of the EM field
by an isolated nanoparticle (perfectly matched boundary condition) and the particle
in the array (periodic boundary conditions) are shown, respectively. A strong near-
field is observed in both cases, with a 4.2- and 14.7-times enhanced field at the 532 nm
wavelength in the isolated nanoparticle and array cases, respectively. The
experimental and calculated values Asir demonstrate good qualitative agreement
(Figure 25d). The experimental dip in the transmittance spectrum is wider and
slightly red-shifted because of the presence of the defects stemming from the self-
assembly nature, which result in an empty trap, with random two or three NPs per
trap. The difference in the spectral position between the experimental Asir and Agx in
monomer assemblies is 9 nm.

52



Laser wavelength (1.,), nm

d 442 532 632 785832 0o €
- - - = Sim monomer K
2NT 10 M ~ 1001
(52}
1.108 =
1.107
A 3 [}
3 g &
Iy 1108 L =
o [ [}
5 g & |4420m (0.26
E= g E
Z {11058 ¢
2 T ®©
g € E
e G S |s32npr(0.22)
41-10*
' /SLR =523 nm 1110° 785nm (0.46) .
0.0 —- 830nm (0.83) x10
SLR =516 nm
1-10? : : ;
400 500 600 700 800 1340 1360 1380 1400
Wavelength, nm Raman shift, cm™

Figure 25 — Raman enhancement by resonant plasmonic arrays based on monomer and
tetramer unit cells. (a) SEM micrograph of a monomer NP array and a dark field optical
micrograph of the assembly as an inset (scale bar is 20 pm). EM field enhancement by (b) an
isolated nanoparticle; and (c) a nanoparticle in A = 330 nm array (A=532 nm, a dashed line
indicates trap geometry). (d) Simulated and measured transmittance spectra of the monomer
array; experimental values of the SERS EF of the monomer assembly (red squares), (the
vertical line indicates Agx). (€) Raman scattering spectra of 2NT (10* M), zoomed in on the
1377 cm! band versus excitation wavelengths (laser power in mW is indicated in
parentheses) [A4]

The monomer-based SERS substrate was investigated at different excitation
wavelengths for 2NT detection (Figure 25e). 10“M concentration for the initial
evaluation was used. The most intense Raman band at 1377 cm™! related to ring
deformation was chosen to analyze the contribution of the SLR effect to the
enhancement. The EF value was estimated by averaging the SERS signal intensity
over the scanned area and comparing it to the SERS signal of a single molecule per
unit of measurement. The data and a detailed description of the EF calculations are
presented in the author’s paper [A4]. The intensity of the 1377 cm™ band and the
corresponding EF showed a good correlation with the overlap of Asir and Agx (Figure
25b). The strongest intensity of the peak is observed at Ag,=532 nm, which resulted in
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EF of 6.1-10%. This value gradually decreased as the laser excitation was detuned from
SLR.

4.3.2. Tailored plasmonic arrays with a multi-particle in unit cell

Usually, a strong SERS enhancement of non-SLR structures is observed in hot
spots which are related to small gaps. To improve the EF-tailored plasmonic array
substrates considered in Chapter 4.3.1, smaller NPs (77 nm in diameter) were
assembled into the same PDMS template forming the tetramer structure (four particles
per trap) and to keep the Asir close to the target Aex (Figure 26). We take into account
that NPs were separated by a few nanometers due to the PVP layer as measured in
TEM (Figure 13).

The author modeled this structure by using the same methods and parameters as
those for the monomer-based structure. The EM field at Ag, is strongly localized in
the gaps between the NPs and is enhanced 49.4 and 65.9 times in the isolated and
periodic tetramer unit cell cases, respectively (Figure 26b,c), the latter is almost 4
times higher compared to the periodic monomer unit cell (Figure 26b,c). The
simulated Asir emerged at 579 nm and closely matched the experimental peak at 583
nm (Figure 26d). The experimental transmittance spectrum of the tetramer-based
structure (Figure 26d) is slightly wider than the simulated result due to the non-ideal
structure. The collective plasmonic behavior of the structure caused the redshift and
widening of SLR. This follows the theory of plasmonic hybridization [143,144] where
plasmonic NPs in close proximity act as a larger particle with red-shifted LSPR [A4].

Like the monomer assemblies examined before, the intensity of the Raman peak
increases as the difference IAs.r — Aex| decreases for the tetramer structure in the same
way as for monomer assemblies (Figure 26d). It is almost 4 times more intense
compared to the monomer assembly measured under identical conditions (Figure
26¢). The SERS EF for the tetramer structure demonstrates the same trend, by peaking
at Aex=532 nm with a value of 2.6:10°, which is an order of magnitude higher
compared to the monomer structure. Recently, EF of the wavelength-tunable
nanoparticle arrays made by E-beam lithography [145] and template-assisted colloidal
self-assembly technique [58,146] have been reported. SERS EF values in the range
of 107 and 10 were reported when the SLR position, generated by the nanoparticles
in arrays, was tuned to laser excitation. This tuning was achieved by changing the
periodicity of the lattice with the nanoparticle size during the fabrication process [56],
or the polymer substrate was stretched after the formation of the arrays [145]. These
substrates demonstrate up to four and three orders of magnitude less enhancement in
comparison to tetramer- and monomer-based structures.
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Figure 26 — (a) SEM of tetramer NP array and a dark field optical micrograph of the
assembly as an inset (the scale bar is 20 um). EM field enhancement by (b) an isolated
tetramer; and (c) a tetramer in the array (A=532 nm; the dashed line indicates trap geometry).
(d) Simulated and measured transmittance spectra, and experimental values of SERS EF of
the tetramer assembly (red squares); (vertical line indicates Zex). (¢) Raman scattering spectra
of 2NT (10* M), zoomed in on the 1377 cm™! band versus excitation wavelengths [A4]

4.3.3. Comparative analysis of SERS sensitivity of single and multi-ordered
nanoparticles array

A comparison of £F of monomer and tetramer-based structures is supplemented
by a plasmonic structure based on a monolayer of randomly arranged NPs (77+4.5 nm
in diameter) on a flat PDMS substrate by using the SAM technique [147] [A4].

The SERS sensitivity of this monolayer was investigated in the same way at
different laser wavelengths. The random monolayer substrate also shows a
dependence on the excitation wavelength which peaks at Agx=532nm with the EF
value of 1.6-10° [A4]. As reported, this dependence is typical for a single LSPR-based
enhancement [148]. However, the normalized EF of monomer and tetramer to the EF
of the monolayer peaked at Ag,=532 nm with 110- and 465-times higher values,
respectively (Figure 27), which confirms the strong contribution of SLR to EF and
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shows that it is possible to tailor the plasmonic properties of the structure based on
the SLR effect to a particular excitation wavelength.
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600 442 532 632 785 832

L EFtelramer/ EF
|
4001 /
|
|

./\o\

400 500 600 700 800 900
Wavelength, nm

Figure 27 — Relative SERS EF of monomer and tetramer substrates versus wavelength of
excitation (enhancement is normalized to SERS EF on a substrate with a monolayer of
AgNPs) [A4]
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The spatial enhancement homogeneity (i.e., the signal reproducibility) of the
monomer-, tetramer-, and monolayer-base SERS substrate was investigated.
Variation in intensity of the 1377 cm™ band was recorded in a randomly chosen
20x20pm area of each structure in Figure 28a. The monolayer-based SERS substrate
exhibits a large standard deviation value SD=37.35% due to the uncontrolled
formation and positioning of the hot spots. The ordered arrangement of the NPs had
a reduced deviation, but still a relatively high SD=31.81% was demonstrated. This
relatively high signal variation is caused by 18% of defects [Figure S5, A4]. The
tetramer SERS substrate showed more than two times lower SD (12.42%) due to the
better control over the distribution and homogeneity of the hot spots and the reduction
of lattice imperfections.

We used the excitation wavelength with the highest enhancement (532 nm) and
investigated the SERS substrate DL. The registered spectra with the highlighted peaks
of the typical 2NT vibrational modes are shown in Figure 28b. DL was determined
at 10® M for monomer-based and 10 M for tetramer-based SERS substrates. In both
cases, the intensity of the background increased at low concentrations because of the
destruction of molecules and the increased contribution of impurities. The typical
Raman peaks of PDMS (615 cm™!; 708 cm™) can be seen in all measurements, but
they do not overlap with the strong peaks attributed to the target molecule. In
summary, the main peaks of the target molecule were able to be distinguished even at
the lowest concentration investigated.
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Figure 28 — Homogeneity of the SERS signal and Detection Limit of 2NT molecule. (a)
20x20 pum sized SERS maps of 1377 cm™! band intensity of 2NT molecule adsorbed from a
solution with a concentration of 10~* M on Ag NPs monomer array (wavelength 532 nm,
laser power 0.226 mW, integration time 1 s), tetramer array (0.0226 mW, 1 s), and
monolayer (0.0226 mW, 3 s). (b) Raman scattering spectra of a range of 2NT concentrations
were recorded by using monomer and tetramer-based SERS substrates at Ag,=532 nm. (c)
The intensity of 1377 cm™! band versus analyte molecule concentration [A4]

Figure 28¢ shows the plots of the intensity of the 1377 cm™ peak versus the
concentration indicating the SD of SERS signal fluctuation. SD is not indicated for
small concentrations marked with an asterisk, as the SERS peaks of the target
molecules were clearly distinguished from the noise only in two spectra. The
experimental data are fitted by using the Hill function, assuming that the function can
be applied to study the adsorption activity of 2NT molecules on our SERS substrates
(bonding with AgNPs through the —SH moiety). Therefore, Figure 28c can be
interpreted as the change in the reaction velocity between 2NT and AgNPs. In this
way, nuin for the plasmonic array with a single NP is 0.498, and nuin=0.525 for four
NPs. This suggests a higher efficiency of 2NT bonding to AgNPs since the surface
area is more than 3 times higher compared to the substrate with monomers.
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V. CONCLUSIONS

1. We have shown that, by applying the seed growth method, it is possible to
produce uniform polycrystalline spherical silver nanoparticles with an average
diameter ranging from 20 nm to 90 nm standard deviation in size of #4 nm. The
optimal concentration of tannic acid (0.0125 mM) in the seed solution was defined,
while taking into account the ratio of tannic acid/trisodium citrate equal to 2.5x107,
and using 0.033 mM trisodium citrate, 0.008 mM tannic acid, and 0.083 mM silver
nitrate in growth solutions.

2. The differences in the behavior of the electron-phonon (e-ph) relaxation time
constants of chemically synthesized polycrystalline and monocrystalline silver
nanoparticles with similar average linear sizes were discovered by transient
absorption spectroscopy. The polycrystalline nanoparticles indicated a faster
relaxation with an increasing size, while the decaying of monocrystalline counterparts
was indifferent to the size. Further analysis showed that the e-ph coupling decay time
constant depends linearly on the value of (Crystallite size / Linear dimension)? for
polycrystalline silver nanoparticles, while monocrystalline nanoparticles do not show
any clear dependence on this ratio, which can be explained by relaxation on crystallite
boundaries.

3. According to the results of a study of porous silicon with open pores (~17—
180 nm mean diameter) treated with reactive ion etching, the optimal hydrofluoric
acid concentration for creating a homogeneous porous silicon substrate by
electrochemical anodization of crystalline silicon is in the range of 5-10 wt.%.
Additionally, the properties of porous silicon (the pore size and density, refractive
index, and wettability) can be finely adjusted by changing the concentration of
hydrofluoric acid and the applied current density.

4. The porous silicon structure created through reactive ion etching was found
to be a favorable template for the deposition of an irregular array of silver
nanoparticles by using capillary-assisted particle assembly. Within the pores, silver
nanoparticles exhibited enhanced plasmonic properties compared to those on
untreated porous silicon surfaces. This enhancement was marked by an increase of
19.6 times in the electromagnetic field and an SERS enhancement factor of 5.3x10%
at a laser wavelength of 532 nm.

5. Tetramer- and monomer-based substrates demonstrated an excitation
wavelength-dependent response where their SERS sensitivity gradually decreased
with increasing differences between the surface lattice resonance and the target
wavelength excitation.

6. The possibility of tuning the surface lattice resonance of the regular array of
silver nanoparticles to the target wavelength of 532 nm by choosing the square lattice
with the periodicity of 330 nm and the nanoparticle size of 88 nm in diameter followed
by the increase in the substrate’s SERS sensitivity has been shown. The SERS
enhancement factor of the monomer-based substrate was found to equal to 6.2x10% at
the target wavelength, and it was 110 times higher than that of the monolayer of silver
nanoparticles. The detection limit for 2-naphthalene thiol was set at 10 M.
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7. The implementation of hot spots within a regular array of silver nanoparticles
demonstrated the significant enhancement in the SERS sensitivity of tailored surface
lattice resonance-based substrates. The SERS enhancement factor values of the
tetramer-based substrate reached 2.6x10° values at the target wavelength, and it was
465 times higher than that of the monolayer of silver nanoparticles. The detection
limit for 2-naphthalene thiol using such substrates was set at 10 M. Furthermore, the
tetramer-based SERS substrate demonstrated the smallest variation (compared to
monomer and monolayer silver nanoparticles) in the Raman signal over an area of
20x20 pm, as it reached a standard deviation of 12%.
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VI. SANTRAUKA

6.1.Jvadas

PavirSiaus sustiprintos Ramano spektroskopijos (angl. Surface enhanced
Raman spectroscopy, SERS) taikymo sritys yra labai jvairios, pradedant nuo
aplinkosaugos tyrimy, teismo medicinos mokslo, farmakologijos ir kt.
Biotechnologija Siuo metu yra sparciai besivystanti sritis, kur vis didesnj mokslininky
bendruomenés susidomejimg kelia nuolatiné mazesniy, efektyvesniy ir
kompaktiskesniy prietaisy — biojutikliy paieska. Viena i§ jdomiy biologiniy jutikliy
taikymo sriciy yra SERS, uztikrinanti kiekybine ir kokybine biologiniy medziagy
analize. Nanostruktiiriniy medziagy naudojimas biologinio jutiklio konstrukcijoje yra
patrauklus dél unikaliy optiniy, cheminiy ir fiziniy savybiy. Siuo metu yra atliekami
moksliniai tyrimai, siekiant sukurti metalines nanomatmeny strukttras, kurios
pasizymi plazmoninémis savybémis ir gali biiti naudojamos kaip SERS aktyvis
padéklai. Deja, SERS spektroskopija kol kas nebuvo placiai praktiskai taikoma kaip
analitinis metodas. Nepaisant didelés pazangos formuojant ir tiriant nanostruktiras,
esamy nebrangiy technologijy, leidzianCiy gaminti SERS aktyvius padeklus,
pasizyminc¢ius aukstu signalo stiprinimo faktoriumi ir dideliu atsikartojamumu,
daugelis aktualiy klausimy (registruojamo signalo dispersija padéklo plote, kiekybiné
analizé ir pan.) i§lieka nei$spresti. Siuo atzvilgiu svarbu ne tik istirti fizikinius SERS
reiSkinio aspektus, bet ir sukurti naujas medziagas bei technologijas, skirtas SERS
spektroskopijos padéklams formuoti. Sie tyrimai leisty praktiskai pritaikyti §
spektroskopijos metodg ir iSspresti jo platesnio pritaikomumo problemas.

Metalizuoto akytojo silicio struktiiros yra placiai naudojamos praktikoje kaip
SERS padéklai. Metalizuoto akytojo silicio naudojimo perspektyvos paprastai
siejamos su jo struktiiros ypatybémis, biologiniu suderinamumu, optinémis,
pavirSiaus savybémis, kurias galima nesunkiai keisti, parenkant pradinio
monokristalinio silicio parametrus ir akytyjy sluoksniy formavimo biidus. Kita vertus,
§iuo metu néra sisteminiy tyrimy, skirty metalizuoto akytojo silicio susidarymui be
pavirsiaus sluoksnio, kuriame pastebimas ,,butelio kaklelio* efektas. Tokiy tyrimy
rezultatai leisty naudoti akytajj silicj kaip trafareta formuojant nanometrinio storio
silicio sienelémis atskirty sidabro nanodaleliy masyva. Tokia struktiira dél
plazmoninés jungties tarp metaliniy nanodaleliy ir puslaidininkio leidZia sukurti itin
intensyvy elektromagnetinj lauka Ag nanodaleliy ir silicio sienelés kontakto vietose.

Kitas budas pasiekti maksimaly SERS signalo stiprinimo faktoriy yra suderinti
plazmono rezonansg su matavimams naudojamo lazerio bangos ilgiu. Tam galima
panaudoti plazmoniniy nanodaleliy tvarkinga masyva, kuriame daleliy iSdéstymo
geometrija turi jtakos struktiiros absorbcijos smailés padéciai ir jos intensyvumui.
Absorbcijos smailés padétis gali biti lengvai reguliuojama keiciant daleliy isdéstymo
geometrija.

Siuo metu tokioms struktiroms daryti pladiai naudojamos litografijos,
suderintos su ésdinimu, technologijos, leidziancios gaminti daugybe nanodaleliy su
apibréztais dydziais ir atstumais tarp jy. Antra vertus, metoda riboja skiriamoji geba,
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brangios jrangos poreikis bei laiko sanaudos. Siuo poziiiriu ypa¢ efektyvus yra
kapiliarinis nanodaleliy isdéliojimo metodas (angl. Cappillary assisted particle
assembly, CAPA). Jis leidzia pagaminti didelio ploto padéklus su tvarkingai
iSrikiuotomis nanodalelémis ir gali biiti laikomas alternatyva litografijai (ar panaSiai).

Kita vertus, tokioms dvimatéms nanodaleliy sistemoms labai svarbu yra istirti
nanodaleliy optomechaninius rezimus, nes jie gali turéti jtakos SERS rezultatams.

Siame darbe daugiausia démesio skirsime SERS padékly tyrimams ir
taikymams, naudodami nanodaleliy masyvus, jterptus j nanostruktiirinio silicio poras,
kai SERS signalo stiprinimo faktorius gali biiti pagerintas dél plazmoninés jungties
metalo ir puslaidininkio sgveikoje, bei tvarkingai surikiuotus nanodaleliy masyvus,
kuriy jautruma galima padidinti derinant daleliy sistemos plazmonines savybes pagal
zadinimui naudojamo lazerio bangos ilgj.

6.1.1.Tikslas

Darbo tikslas — sukurti labai jautrius SERS aktyvius padéklus, naudojant
chemiskai susintetintas sidabro nanodaleles, atsitiktinai arba tvarkingai nusodintas ant
skirtingy padékly, taikant kapiliarinio daleliy nusodinimo metoda.

6.1.2.Uzdaviniai

1. Chemiskai susintetinti sferines Ag nanodaleles, iStirti pavir§inio aktyvumo
medziagy koncentracijos jtaka nanodaleliy dydziui ir apibudinti jy
optomechanines savybes.

2. Sukurti ir i8tirti akytuoju siliciu gristy struktiiry, pagaminty elektrocheminio
ésdinimo biidu ir po jo atlickamu reaktyviuoju jony ésdinimu, morfologines,
struktiirines ir optines savybes.

3. Pasitelkiant kapiliarinio nusodinimo technika ir naudojant jvairaus
periodiSkumo trafaretus ir akytajj silicj bei susintetintas sidabro nanodaleles,
pagaminti tvarkingai iSrikiuoty ir atsitiktinai iSdélioty nanodaleliy SERS
aktyvius padeklus.

4. Istirti sukurty SERS aktyviy padékly SERS jautrumg, naudojant organinj
sieros junginj kaip tiksling molekulg.

6.1.3. Naujumas

1. UZzuomazgy auginimo metodu susintetintos kontroliuojamo skersmens
monodispersinés Ag nanodalelés.

2. Ultrasparti kravininky relaksacija polikristalinése Ag nanodalelése istirta
naudojant nepusiausvyrinés absorbcijos spektroskopijos metoda.

3. Elektrocheminis ésdinimas, po kurio atlickamas reaktyvusis jony ésdinimas,
panaudotas gaminant kontroliuojamy pory matmeny nanostrukttrinj akytaji
silicj.
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4. Kapiliarinis daleliy nusodinimas panaudotas nanodaleléms surinkti j periodine
/ neperioding gaudykliy sistema, kontroliuojant jy skai¢iy gaudykléje.

5. Parodyta, kad nanodaleliy dydis keicia pavirSiaus gardelés rezonanso (SLR)
bangos ilgj.

6. SERS padéklai su suzadinimo bangos ilgiui pritaikytu SLR ir periodiniu
kar$tyjy tasky uzpildymu pasizymi itin dideliu jautrumu, vir§ijanc¢iu esamus
SERS padéklus su atsitiktiniu nanodaleliy pasiskirstymu.

6.2. Metodika

Monodispersinés Ag nanodalelés buvo susintetintos taikant uzuomazgy
auginimo metoda [27], naudojant tanino rugst] (angl. Tannic acid, TA) (C7sHs204,
»digma-Aldrich®, Kinija), trinatrio citrata (angl. Trisodium citrate, TC)
(C¢HsNa3;O7*2H,0, ,,Fluka®, Belgija) ir sidabro nitrata (AgNOs, ,,Sigma-Aldrich®,
JAV), po to funkcionalizuojant jas su PVP (polivinilpirolidonas, ,,Sigma-Aldrich®,
JAV). Elektrocheminis kristalinio Si plokstelés (100) (,,Siegert Wafer, Vokietija)
ésdinimas buvo atliktas naudojant nuolatinés srovés (DC) Saltinj B5-47, po to
reaktyviuoju jony ésdinimo badu (,,Vision LL-ICP*, Svedija) pasalintas parazitinis
pavirSiaus sluoksnis. Periodinés strukttiros polimero trafaretas buvo pagamintas i§
polidimetilsiloksano (PDMS), atkartojant Si trafareto forma ir naudojant minkstosios
litografijos technikg. Si trafaretas buvo pagamintas pasitelkiant elektronine litografijg
(,,eLine plus®, ,,Raith®, Vokietija) ir reaktyvyji jony ésdinima (,,Vision LL-ICP,
»Plasma-Therm*, JAV) [116]. Kapiliarinis daleliy nusodinimas (CAPA) buvo atliktas
naudojant originalig jranga, apriipinta motorizuotu didelio tikslumo transliatoriumi
(,LS-110%, ,,PI Micos®), temperatiiros valdymo sistema (,,TEC-1090%, ,,Meerstetter
Engineering GmbH®) bei optinio mikroskopo sistema (BX51, ,,Olympus®) su CCD
kamera (,,QImaging®, ,,Micropublisher 3.3*) [117]. Absorbcijos / pralaidumo spektrai
buvo uzregistruoti naudojant UV-Vis $viesolaidinj spektrometrg ,,AvaSpec-2048
(,,Avantes“, Nyderlandai). Ultrasparti Ag nanodaleliy elektrony dinamika tirta
nepusiausvyrinés  absorbcijos  spektroskopijos biidu, naudojant HARPIA
spektrometrg (,,Light Conversion®, Lietuva) su Yb:KGW lazeriu ,,Pharos® (,,Light
Conversion®, LT). Koloidiniy nanodaleliy (NP) vaizdinimui buvo naudojamas
skenuojamasis elektroninis mikroskopas (,,Quanta 200 FEG*, FEI) ir praSvieCiantis
elektrony mikroskopas (,,Philips®, CM200). Sintetinty Ag nanodaleliy kristalinés
struktiiros analizé atlikta rentgeno spinduliy difrakcijos (XRD) metodu, naudojant
»Bruker AXS GmbH* firmos difraktometra ,,8 Discover”. Difrakcijos duomeny
analizé buvo atlikta naudojant DIFFRAC.EVA bei ,X'pert HighScore Plus*
programing jrangg. SERS matavimai buvo atlikti naudojant daugiabangj Ramano
mikroskopa  (,,Renishaw®, ,Wotton-under Edge™), kuriame integruotas
termoelektriniu budu auSinamas CCD detektorius. 2-naftalentiolio (2NT) (,,Sigma-
Aldrich®, Belgija) organiné molekulé buvo pasirinkta kaip tiksliné molekulé SERS
padéklo aktyvumo tyrimams. Stiprinimo faktoriaus apskai¢iavimo metodas yra
iSsamiai aprasytas [118]. AgNP optiniy savybiy modeliavimas atliktas naudojant
,»COMSOL Multiphysics*, bangy optikos modulj ir baigtiniy elementy metoda.
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6.3. Rezultatai
6.3.1. Cheminé sidabro nanodaleliy sintezé

EksperimentiSskai buvo istirta Ag nanodaleliy cheminei sintezei naudojamy
komponenty jtaka. Darbe pasitlyta metodika, leidzianti sintetinti reikiamo dydzio ir
skirstinio Ag nanodaleles, naudojant uzuomazgy auginimo technika. Sis procesas
susideda i§ dviejy etapy, kuriuose naudotas trinatrio citrato bei tanino rtigsties derinys
kaip reakcijos reduktorius ir stabilizatorius.

Komponenty, naudojamy nanodaleliy dydziui padidinti, koncentracijos
sumazgjimas lemia nuosekly augimo greicio sulétéjima viso ciklo metu, leidziantj
tiksliai kontroliuoti nanodaleliy dydj. Nuoseklus Ag nanodaleliy augimas buvo
atliktas naudojant 0,033 mM TC, 0,008 mM TA ir 0,083 mM AgNO; auginimo
tirpalus, kuriy koncentracijos yra beveik tris kartus mazesnés uz naudotas
ankstesniuose eksperimentuose (0,347 mM TA, 0,1 mM TC ir 0,7 mM AgNO:3).

Po kiekvieno augimo etapo pavirSiaus plazmony rezonanso (angl. Surface
plasmon resonance, SPR) smailé pasislinko per kelis nanometrus, o tai atitinka
nedidelj nanodaleliy dydzio padid¢jima (Figure 12). Po 21 nuoseklios augimo
procediiros sidabro nanodaleliy vidutinis skersmuo padidéjo nuo ~ 20 nm iki ~ 88 nm,
o standartinis nuokrypis buvo apie 4-5 nm. Metodas pristato augimo procesa, kuris
leidzia kontroliuoti uzuomazgy susidarymo, augimo ir stabilizavimo procesus, kai
suformuotos monodispersings sferinés Ag dalelés.

6.3.2.Ag nanodaleliy kristaliné struktiira

TEM vaizdai parodé nanodaleliy polikristaliskuma (Figure13), o kristality dydis
buvo jvertintas i§ XRD matavimy (Figure 14, apacioje). Analizuotos difrakcijos
smailés ties 20 = 38,2°, 44,5°, 64,6° ir 77,6°, 81,7°, atitinkanCios centruotojo
pavirsiaus gardeles (111), (200), (220), (311) ir (222) ploksStumas.

Kristality dydis buvo apskaiCiuotas pagal Scherrer formule [121]. Ag
nanodaleliy kristality dydis did¢jo kartu su skersmeniu, ir tai puikiai dera su taikomo
sintezés metodo ypatumais.

06.3.3. Ag nanodaleliy optomechaninis apibiidinimas

ISmatuotiems Ag nanodaleliy tirpalams registruotos TAS signalo osciliacijos,
kurios yra budingos monodispersiniy nanodaleliy rinkiniui [122].

IS TAS signalo laikinés priklausomybés (Figure 15) buvo apskaiciuotos
elektrono-fonono sgveikos (e-ph, 1) ir fonono-fonono (ph-ph, 1) sklaidos laiko
konstantos, Ag nanodaleliy tyrimy rezultatai apibendrinti lenteléje (Table 4).

Biidingoms laiko konstantoms vertinti atlikti kintanc¢io Zadinimo intensyvumo
matavimai (Figure 17). Ekstrapoliuotos e-ph saveikos laiko konstantos pateiktos
lenteléje (Table 3).

Nustatyta, kad suzadintos biisenos silpimas priklauso nuo e-ph sgveikos trukmés
ir sumazgéja nuo 0,96 ps (pavyzdys SI) iki 0,69 ps (pavyzdys S4). Taip pat pastebétas
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santykinai silpnas TAS signalo relaksacijos komponentas, kurj galima priskirti ph-ph
sklaidai, kuriai buidingos trukmés buvo nuo 10 iki 206 ps (Table 4).

Didéjant polikristaliniy Ag nanodaleliy vidutiniam skersmeniui, e-p/ saveikos
laiko konstantos mazéjo (Figure 17). Norédami iSanalizuoti e-ph saveikos laiko
konstantg priklausomai nuo daleliy kristaliSkumo, parodéme, kad Siam parametrui yra
svarbus santykis (kristalito dydis / tiesinis Ag matmuo)®. Paveiksle (Figure 17b)
vaizduojama tiesiné e-ph sgveikos laiko konstantos priklausomybé nuo $io parametro
rodo, kad konstanta tiesiskai didé¢ja did¢jant kristality dydzio ir nanodaleliy dydzio
santykiui. Autoriaus publikuotame darbe [A2] Sie polikristaliniy Ag nanodaleliy
rezultatai buvo lyginami su monokristaliniy Ag nanokuby, kuriy plazmony
relaksacijos dinamika nepriklaus¢ nuo daleliy dydzio, nebuvo jokios aiskios
priklausomybés nuo (kristalito dydZio / tiesinio Ag nanokuby matmens)?* santykio.

6.3.4. Akytojo silicio gamyba ir apibiidinimas

Norint sukurti padékla su atsitiktinai iSdéstytomis gaudyklémis, kurias véliau
biity galima uzpildyti nanodalelémis, kad biity sukurtas jy masyvas, buvo pasirinktas
akytasis silicis. Paprastai elektrocheminio anodavimo budu suformuotas akytasis
silicis turi parazitinj virSutinj sluoksnj, vadinamajj ,,butelio kaklelio® akytajj silicj,
kurio pory dydis Siek tiek skiriasi nuo turiniy ver¢iy. Autorius jrodé, kad reaktyvusis
jony ésdinimas (RIE) yra veiksmingas biidas, norint pasalinti parazitinj sluoksnj (arba
»atviras poras®) [A3].

Istirta atviry pory akytojo silicio pavirSiaus morfologija, priklausomai nuo
naudojamos srovés tankio ir vandenilio fluorido riigsties koncentracijos. Paveiksle
(Figure 15) pavaizduoti vieno akytojo silicio méginiy rinkinio SEM vaizdai pries ir
po RIE apdorojimo, naudojant j = 60 mA/cm? 5 proc. masés, 10 proc. masés ir 20
proc. masés fluorido rugsties tirpalus.

RIE apdoroto akytojo silicio, susidariusio elektrolite su 5 proc. masés (visuose
méginiuose) ir 10 proc. masés fluorido rigsties (esant dideliam srovés tankiui),
morfologija dazniausiai atrodo lygi, o tik nedidelis akytojo silicio Siurk$tumo
padidé¢jimas rodo izotropinj virSutinio sluoksnio ¢sdinimg. Méginiy, pagaminty
naudojant 10 proc. masés vandenilio fluorido rtigstj esant mazam srovés tankiui (20—
60 mA/cm?), ir visy méginiy, pagaminty i§ 20 proc. masés fluorido rigsties, pavirsius
pasizymi akyto sluoksnio susidarymu, kurj sudaro grubléta pavirSiy formuojancios
saleles.

Vidutinis pory skersmuo ir pory tankis pateikti paveiksle (Figure 19). Matyti,
kad vidutinis skersmuo didéja didéjant srovés tankiui. Si tiesiné priklausomybé
stebima tol, kol pasiekiama tam tikra kritiné srovés tankio verté ir pory dydis pradeda
mazéti. Esant dideliam srovés tankiui, susidarancios poros tampa erdviskai
netaisyklingos, susidaro kemping¢ primenanti struktiira. Si skeletas tampa plonesnis, o
pory tankis didéja. Tolesnis srovés tankio padidéjimas lemia elektropoliravimo
procesa.

Pavirsinis sluoksnis susideda is silicio kristality ir pory, kurios daro jtaka Sviesos
sklaidai ir atspindziui. Paveiksle (Figure 20) pateikti akytojo silicio méginiy,
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susidariusiy esant 5 proc. maseés fluorido riigsties ir 10 proc. mases fluorido riigsties,
atspindzio spektrai rodo oro / akytojo silicio ir akytojo silicio / Si riboje atspindétos
Sviesos interferencinius maksimumus. Taikant Fabry-Pérot interferencijos lygtis
[130] buvo jvertintos akytojo silicio vidutinio liizio rodiklio (npg) reikSmés, jos
pateiktos lentel¢je (Table 5).

ApskaiCiuotasis npg méginiams, pagamintiems naudojant 5 proc. mases ir 10
proc. maseés fluorido rtgsties elektrolitus, mazgjo didéjant sroves tankiui ir yra susijes
su pory tankio (poringumo) padidéjimu [132] bei gerai sutampa su paveiksle (Figure
19a) pateiktais duomenimis. Daugeliu atvejy neapdoroty akytojo silicio méginiy npg
buvo Siek tiek mazesnis nei RIE apdoroty méginiy, nes yra labai akytas pavirSinis
parazitinis sluoksnis, kuris mazina npg verte.

6.3.5. Nanodaleliy nusodinimas nanostruktirinio silicio porose ir ant ploksciy
pavirsiy

Nanodaleliy nusodinimas buvo atliktas naudojant CAPA metods, kadangi §is
metodas uztikrina labiausiai kontroliuojama koloidiniy nanodaleliy pasiskirstyma
trafareto pavirSiuje, palyginti su kitais metodais (pvz., laseliy nusodinimu).
Eksperimentui buvo naudojamos Ag nanodalelés, kuriy vidutinis skersmuo buvo
62 nm ir kurios sutapo su akytojo silicio RIE pory dydziu (naudotas 10 % masés
fluorido rtigsties tirpalas ir j = 100 mA/cm?). Taip pat tokios pacios Ag nanodalelés
buvo nusodintos ant neapdoroto akytojo silicio, susidariusio tokiomis pat sglygomis,
kaip ir anksCiau minétasis akytasis silicis (Figure 21). Naudojant 0,1 um/s bandinio
judéjimo greitj ir palaikant 12 °C temperatiirg virs rasos taSko buvo pasiektas Ag
nanodaleliy nusodinimo j poras ~85 % uzpildymo koeficientas (Figure 21b). Galima
matyti, kad dauguma nusédusiy nanodaleliy susitelkia porose. Retais atvejais jos
uzimdavo vieng porg arba biidavo pasislinkusios j poros krasta.

6.3.6. Nanodaleliy modeliavimas pavirsiuje ir porose

Atviry pory akytasis silicis turi atsitiktinai iSsidésciusias poras, kuriy kiekviena
ribojasi su SeSiomis kitomis. Nanodaleliy struktiira gali biiti atvaizduojama kaip
SeSiakampé gardelé (idealizuojant struktiirg), kurios matmuo » =92 nm, o nanodalelé,
kurios skersmuo yra 62 nm, yra atskirta nuo kitos 28 nm silicio sienele (Figure 22a).
Ta pati vienetin¢ gardel¢ gali biiti naudojama glaudziai suspaustoms nanodaleléms
ant akytojo silicio pavirSiaus, kuriy » lygus 63 nm. Paveiksle (Figure 19b, c) yra
parodytas clektromagnetinio lauko pasiskirstymas tokioje struktiiroje. Didziausias
elektromagnetinio lauko stiprinimas pastebimas Salia metalinio pavirSiaus, kai Ag
nanodalelés yra ant akytojo silicio. Ir prieSingai, kai Ag nanodalelés yra porose, jis
koncentruojasi Ag nanodaleliy ir Si sieneliy kontakte. Kaip matyti i§ nanodaleliy
porose lauko stiprumo pasiskirstymo, laukas sustiprinamas 8 kartus, palyginti su
dalelémis, kurios yra ant pory. Sis faktas patvirtina elektromagnetinio lauko
stiprinimo teorijag metalo ir puslaidininkio riboje. Modeliuoti atspindzio spektrai,
pateikti paveiksle (Figure 22c, d) rodo stiprig sugertj, esant 400 nm bangos ilgiui (Ag
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nanodalelés ant akytojo silicio) ir 375 nm (Ag nanodalelés porose), kuri buvo
pastebéta ir eksperimentiskai iSmatuotuose spektruose.

6.3.7.SERS jautrumas nesurikiuvoty nanodaleliy masyvui

SERS matavimai buvo atlikti siekiant jvertinti analitinj stiprinimo faktoriy,
naudojant 532 nm bangos ilgio lazerio suzadinimg. Nepaisant to fakto, kad abi akytojo
silicio strukttiros pasiZzymi sugertimi melynojoje srityje, jos taip pat yra jautrios
ilgesniems bangy ilgiams. 2NT molekuliy, adsorbuoty ant Ag nanodaleliy i§ 10* M
koncentracijos tirpalo, uzregistruoti spektrai pateikiami paveiksle (Figure 23) Tipinés
2NT osciliacijy smailés (764 cm™!, 1067 cm’, 1377 cm™!, 1583 ¢cm, 1621 cm™) yra
paryskintos. Naudojant intensyviausios smailés (1377 c¢m™) intensyvumg, buvo
apskaiciuotas neapdoroto akytojo silicio ir nanodaleliy bei porose esanciy nanodaleliy
analitinis stiprinimo faktorius, kuriy vertés buvo atitinkamai 1,4 x 107 ir 5,3 x 108,
Rezultatai gerai sutampa su elektrinio lauko modeliavimo rezultatais.

6.3.8. Derinamas plazmoninis masyvas sustiprintai Ramano sklaidai

Parenkant periodinés gaudykliy strukttiros periodg bei Ag nanodaleliy dydj buvo
suformuoti surikiuoty nanodaleliy plazmoniniai masyvai taip, kad SLR smailé (4sir)
biity artima zadinimui naudojamo lazerio bangos ilgiui 532 nm (Agy). Siam tikslui,
remiantis ankséiau gautais rezultatais, pasirinkta kvadratiné gardelé A = 330 nm
(SQ330) su RA bangos ilgiu (4ra) polidimetilsiloksanui esant 470 nm [116].

Modeliavimo rezultatai (Figure 24) rodo, kad Asir priklauso nuo nanodaleliy
skersmens. SLR smailés raudonasis poslinkis ir jo spektrinés juostos pusplotis
(FWHM) didéja, didéjant nanodaleliy skersmeniui [135]. Nanodaleliy, kuriy
skersmuo nuo 90 iki 100 nm, Asir yra arti 532 nm tikslo. Eksperimentui buvo
pasirinktos Ag nanodalelés, kuriy skersmuo yra 88 nm + 5,2 nm, o jy lokalizuoto
pavirsiaus plazmony rezonanso smailé tirpale yra mazdaug ties 460 nm (Table 2).
Sios nanodalelés turi dipoling LSPR smaile tirpale mazdaug ties 470 nm po PVP
funkcionalizacijos, ji persidengia su 330 nm kvadratinés gardeles Ara.

Paveiksle (Figure 25) pateiktas surikiuotos plazmoninés struktiiros SEM
vaizdas, kuriame struktiirinio polidimetilsiloksano padéklo gaudyklés yra uzpildytos
atskiromis  nanodalelémis (monomery rinkiniais).  Atitinkamai  parodytas
sumodeliuotas elektromagnetinio lauko stiprumas ties izoliuota nanodalele (puikiai
suderinta ribiné sglyga) ir dalele masyve (periodinés ribinés sglygos). Abiem atvejais
matomas stiprus artimasis laukas, sustiprintas atitinkamai 4,2 ir 14,7 karto 532 nm
bangos ilgiui izoliuoty nanodaleliy ir masyvo atvejais. Eksperimentinés ir
apskaiCiuotos Asir reikSmés rodo gera kokybinj sutapimg (Figure 25d).
Eksperimentinis pralaidumo spektro plotis yra platesnis ir Siek tiek pasislinkes |
raudonyjy bangy intervala dél defekty, atsirandanc¢iy dél naudoto metodo savitvarkio
pobtidzio — neuzpildyty tusc¢iy gaudykliy, ir atsitiktiniy dviejy trijy nanodaleliy
gaudykléje. Spektrinés padéties skirtumas tarp eksperimentiniy Asir ir Agx monomery
rinkiniuose yra 9 nm.
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Monomery pagrindu pagamintas SERS pagrindas buvo naudojamas esant
skirtingiems suzadinimo bangos ilgiams, kad buity galima aptikti 2NT (Figure 25¢).
Pirminiam vertinimui buvo naudojama 10*M koncentracija. Analitinis stiprinimo
faktorius buvo jvertintas naudojant Ramano juostg ties 1377 cm™, apskai¢iuojant
SERS signalo intensyvumo vidurkj nuskaitytoje srityje ir palyginus ji su vienos
molekulés SERS signalu matavimo vienete. Duomenys ir iS§samus analitiniy
stiprinimo faktoriy skai¢iavimy apraSymas pateikti autoriaus darbe [A4]. 1377 cm’!
juostos intensyvumas ir atitinkamas analitinis stiprinimo faktorius gerai koreliavo su
Asir it Aex persidengimu (Figure 25b). DidZiausias smailés intensyvumas buvo, kai Agx
= 532 nm, o fiksuotas analitinis stiprinimo faktorius buvo 6,1-108. Jis laipsnigkai
mazéjo, kai zadinimo lazerio bangos ilgis nesutapo su SLR rezonansiniu bangos ilgiu.

6.3.9.Surikiuoty nanodaleliy plazmoniniai masyvai su daugeliu daleliy gaudykléje

Siekiant pagerinti surikiuoty nanodaleliy plazmoniniy masyvy padékly
monomery pagrindu analitinius stiprinimo faktorius, mazesnés nanodalelés (77 nm
skersmens) buvo nusodintos j tokig pacia polidimetilsiloksano kauke, sudarant
tetramero struktiirg (keturios dalelés vienoje gaudykléje) ir siekiant i$laikyti Asir arti
tikslinio Zex (Figure 28).

Modeliavimas parodé, kad elektromagnetinis laukas ties Agcx yra stipriai
lokalizuotas tarpuose tarp nanodaleliy ir atitinkamai sustipréja 49,4 ir 65,9 karto
izoliuoty ir periodiniy tetramero vienety lasteliy atvejais (Figure 28b, ¢), jis yra beveik
4 kartus didesnis, palyginti su periodinio monomero vieneto gaudykle (Figure 22b,
¢). Modeliuotas As r pastebetas ties 579 nm ir gerai atitiko eksperimenting smailg ties
583 nm (Figure 28d). Tetramerinés struktiiros eksperimentinis pralaidumo spektras
(Figure 28d) dél neidealios struktiros yra taip pat Siek tiek platesnis nei
modeliuojamas rezultatas. Kolektyviniam plazmoninio surikiuoty daleliy strukttros
atsakui buvo biidingas SLR raudonasis poslinkis ir sugerties kreivés iSplitimas. Tai
atitinka plazmoningés hibridizacijos teorijg [136, 137], kai arti esancios plazmoninés
nanodalelés veikia kaip didesnés dalelés, kurioms buidingas LSPR raudonasis
poslinkis[A4].

Kaip ir ankséiau iStirty monomery rinkiniy, Ramano smailés intensyvumas
did¢ja, kai surikiuoty daleliy tetramero struktiiros skirtumas [Asir — el mazéja
(Figure 28d). Jis yra beveik 4 Kkartus intensyvesnis, palyginti su identiSkomis
sglygomis iSmatuotu monomery rinkiniu (Figure 28c). Analitinis tetramery struktfiros
SERS stiprinimo faktorius rodo tg pacig tendencija, pasiekiant auksciausig taska ties
Jex = 532 nm, o jo verté yra 2,6-10°, kuri pagal dydj yra daug didesné nei monomery
atveju.

6.3.10. Surikiuoty pavieniy ir daugelio nanodaleliy masyvy lyginamoji SERS
Jjautrumo analizé

Teoriskai apskaiciuotas SERS stiprinimo faktorius, kuris yra proporcingas
|E/Eo[* [149,150], gautas i§ modeliavimo rezultaty, ir analitinés stiprinamojo
faktoriaus reikSmés yra palygintos paveiksle (Figure 24a). Monomery ir tetramery
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pagrindu sukurty surikiuoty nanodaleliy struktiiry stiprinimo faktoriaus palyginimas
papildytas plazmonine struktiira, kurioje naudotas atsitiktinai i§déstyty nanodaleliy
(77 nm £ 4,5 nm skersmens) monosluoksnis ant ploks¢io PDMS padéklo [140] [A4].

Sio monosluoksnio SERS jautrumas buvo tiriamas tokiu pa¢iu bidu, esant
skirtingiems lazerio bangy ilgiams. Atsitiktinai iSdéstyty nanodaleliy monosluoksnio
pagrindas taip pat rodo priklausomybg¢ nuo zadinimui naudojamo bangos ilgio ir
pasiekia aukSciausia taSka ties Aex =532 nm, o analitiné stiprinimo faktoriaus verté yra
1,6:10° [A4]. Normalizuotas monomery ir tetramery strukttry analitinis stiprinimo
faktorius taip pat pasieké auksc¢iausig taska ties Agx = 532 nm, bet buvo atitinkamai
110 ir 465 kartus didesnis (Figure 24b). Tai patvirtina esminj SLR indélj j stiprinimo
faktoriy ir rodo, kad naudojamam suzadinimo bangos ilgiui galima pritaikyti
strukttiros plazmonines savybes iSnaudojant SLR efekta.

Istirtas sidabro nanodaleliy monomery, tetramery ir monosluoksnio SERS
pagrindo erdvinis stiprinimo homogeniskumas (t. y. signalo atsikartojamumas
dideliame plote). Atsitiktinai parinktame kiekvienos strukttiros 20 x 20 um plote buvo
uzfiksuotas 1377 ¢cm™ juostos intensyvumas (Figure 24a). Monosluoksnio SERS
pagrindui dél nekontroliuojamo karstyjy tasky susidarymo ir padéties buvo budinga
didelé standartinio nuokrypio verte, kuri siekeé 37,35 %. Mazesné, taCiau vis tiek
santykinai auksta nustatyta iSrikiuoty daleliy standartinio nuokrypio verté 31,81 %.
Matyt, §j santykinai didelj signalo pokytj sukelia 18 % defekty (Figure S5, A4).
Tetramero SERS pagrindo signalo standartinis nuokrypis buvo beveik du kartus
mazesnis (12,42 %), nes buvo geriau kontroliuojamas karstyjy tasky pasiskirstymas
ir homogeniskumas bei sumazintas gaudykliy netobulumas.

Panaudoje¢ suzadinimo bangos ilgj, kur buvo didziausias stiprinimas (532 nm),
nustattme SERS pagrindy detektavimo riby (DL) vertes. Paveiksle (Figure 24b)
parodyti uzfiksuoti spektrai su paryskintomis tipisSkomis 2NT molekuliy vibracinémis
smailémis. Monomery SERS pagrindy DL verté buvo nustatyta 10®* M, o tetramery
— 107° M. Tipiskos polidimetilsiloksano Ramano smailés (615 cm™, 708 cm™) gali
biiti matomos atliekant visus matavimus, taciau jos nepersidengia su tikslinei
molekulei bidingomis stipriomis smailémis.

6.4. ISvados

1. Parodéme, kad taikytas uzuomazgy auginimo metodas leidZia sintetinti
monodispersines polikristalines sferines sidabro nanodaleles, kuriy vidutinis
skersmuo ~ 20 nm — 90 nm. Buvo nustatyta optimali tanino riig§ties koncentracija
(0,0125 mM) uzuomazgy tirpale, esant tanino ruagsties ir trinatrio citrato santykiui
2,5x107 bei naudojant 0,033 mM trinatrio citrata, 0,008 mM tanino riigstj ir 0,083
mM sidabro nitratg auginimo tirpaluose.

2. Sidabro nanodaleliy trumpalaikés absorbcijos spektroskopijos matavimai
leido sistemingai istirti elektrony ir fonony sgveikos procesa plazmony relaksacijos
dinamikoje. Susintetintoms polikristalinio sidabro nanodaleléms buvo bidinga
greitesné relaksacija didéjant jy dydziui ir buvo nustatyta, kad elektrony ir fonony
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saveikos laiko konstanta tiesiSkai didéja didéjant (kristalito dydis / sidabro
nanodalelés skersmuo)? santykiui.

3. Remiantis akytojo silicio su atviromis poromis (vidutinis skersmuo ~ 17—
180 nm), apdoroto reaktyviuoju jony ésdinimu, tyrimy rezultatais, nustatyta optimali
vandenilio fluorido koncentracija (5-10 masés %) homogeniskam akytam silicio
pagrindui sukurti elektrochemiskai anoduojant kristalinj silicj. Be to, akytojo silicio
savybes (pory dyd; ir tankj, lazio rodiklj ir drékinamuma) galima tiksliai sureguliuoti
keiciant vandenilio fluorido ragsties koncentracijg ir naudojama sroveés tankj.

4, Parodyta, kad reaktyviojo joninio ésdinimo biidu gauta akytojo silicio
struktira yra tinkamas trafaretas silicio sienelémis atskirty sidabro nanodaleliy
savitvarkio masyvo nusodinimui kapiliariniu biidu. Sidabro nanodalelés porose
pasizyméjo ryskesnémis plazmoninémis savybémis nei ant neapdoroty akytojo silicio
pavirsiy ir joms buvo budingas elektromagnetinio lauko stiprinimas 19,6 karto, o
analitinis SERS stiprinimo faktorius sieké 5,3 x 10® naudotam 532 nm lazerio bangos
ilgiui.

5. Sidabro nanodaleliy tetramery ir monomery SERS pagrindams buvo
biidinga atsako priklausomybé nuo suzadinimo bangos ilgio, ju SERS jautrumas
laipsniskai mazgjo, didéjant pavirSiaus gardelés rezonanso ir suzadinimui naudoto
bangos ilgio skirtumui.

6. Parodyta galimybé suderinti surikiuoty sidabro nanodaleliy masyvo
pavirSiaus gardelés rezonansa iki naudoto 532 nm bangos ilgio, tam parenkant
tinkama nanodalelés dydj ir taip padidinant SERS pagrindo jautrumg. Nustatyta, kad
monomery SERS pagrindo analitinis stiprinimo faktorius sieké 6,2x108, esant
tiksliniam bangos ilgiui, ir jis buvo 110 karty didesnis nei sidabro nanodaleliy
monosluoksnio atveju. Tokiam pagrindui buvo nustatyta 10®*M 2-naftalentiolio
detektavimo riba.

7. Karstyjy taSky panaudojimas iSrikiuoty sidabro nanodaleliy masyve
smarkiai padidino SERS padékly, kuriuose naudojamas pavirSiaus gardelés
rezonansas, jautrumg. Tetramery SERS pagrindo analitinés stiprinimo faktoriaus
vertés sické 2,6x10° reik§mes, esant tiksliniam bangos ilgiui, ir buvo 465 kartus
didesnés nei sidabro nanodaleliy monosluoksnio atveju. Naudojant tokius pagrindus
buvo nustatyta 10°M 2-naftalentiolio detektavimo riba. Be to, tetramery SERS
padékle registruotas maziausias Ramano signalo kitimas (palyginti su monomerais ir
monosluoksnémis sidabro nanodalelémis) 20 um x 20 pm plote, ir standartinis
nuokrypis sieké 12 %.

69



LITERATURE

[10]

[11]

[12]

[13]

70

C. V. RAMAN, K.S. KRISHNAN, A New Type of Secondary Radiation, Nature 1928,
121, 501-502. https://doi.org/10.1038/121501¢0.

E. SMITH, G. DENT, Modern raman spectroscopy: A practical approach, 2019.
https://doi.org/10.1002/0470011831.

A1 PEREZ-JIMENEZ, D. LYU, Z. LU, G. Liu, B. REN, Surface-enhanced Raman
spectroscopy: benefits, trade-offs and future developments, Chem. Sci. 2020, 11,
4563-4577. https://doi.org/10.1039/DOSCO0809E.

M.E. ABDELSALAM, S. MAHAJAN, P.N. BARTLETT, J.J. BAUMBERG, A.E. RUSSELL,
SERS at Structured Palladium and Platinum Surfaces, J. Am. Chem. Soc. 2007, 129,
7399-7406. https://doi.org/10.1021/ja071269m.

J. CEIKOVA, V. PROKOPEC, S. BRAZDOVA, A. KOKAISLOVA, P. MATEIKA, F.
STEPANEK, Characterization of copper SERS-active substrates prepared by
electrochemical  deposition, Appl.  Surf. Sci. 2009, 255, 7864-7870.
https://doi.org/10.1016/j.apsusc.2009.04.152.

R. BUKASOV, Z. KUNUSHPAYEVA, A. RAPIKOV, S. ZHUNUSSOVA, A. SULTANGAZIYEV,
O. FILCHAKOVA, High Contrast Surface Enhanced Fluorescence of Carbon Dot
Labeled Bacteria Cells on Aluminum Foil, J. Fluoresc. 2020, 30, 1477-1482.
https://doi.org/10.1007/s10895-020-02610-2.

C. ROPERS, C.C. NEACSU, T. ELSAESSER, M. ALBRECHT, M.B. RASCHKE, C. LIENAU,
Grating-Coupling of Surface Plasmons onto Metallic Tips: A Nanoconfined Light
Source, Nano Lett. 2007, 7, 2784-2788. https://doi.org/10.1021/n1071340m.

M.D. SALIK, P. CHAVEL, Resonant excitation analysis of waveguide grating couplers,
Opt. Commun. 2001, 193, 127-131. https://doi.org/10.1016/S0030-4018(01)01234-2.

G. SHALEM, O. EREZ-COHEN, D. MAHALU, I. BAR-JOSEPH, Light Emission in Metal—
Semiconductor Tunnel Junctions: Direct Evidence for Electron Heating by Plasmon
Decay, Nano Lett. 2021, 21, 1282-1287.
https://doi.org/10.1021/acs.nanolett.0c03945.

Y. Suzukl, M. KOBAYASHI, A.H. OTTO, Anomalous IR Absorption of the System
Gold Island Film in Water or Methanol, Jpn. J. Appl. Phys. 1997, 36, 4446.
https://doi.org/10.1143/JJAP.36.4446.

X. WANG, Y. DENG, Q. LI, Y. HUANG, Z. GONG, K.B. Tom, J. YAO, Excitation and
propagation of surface plasmon polaritons on a non-structured surface with a
permittivity gradient, Light Sci. Appl. 2016, 5, 1-6.
https://doi.org/10.1038/1sa.2016.179.

L. JENSEN, C.M. AIKENS, G.C. SCHATZ, Electronic structure methods for studying

surface-enhanced Raman scattering, Chem. Soc. Rev. 2008, 37, 1061.
https://doi.org/10.1039/6706023h.

S. FATEIXA, H.I.S. NOGUEIRA, T. TRINDADE, Hybrid nanostructures for SERS:
materials development and chemical detection, Phys. Chem. Chem. Phys. 2015, 17,



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

21046-21071. https://doi.org/10.1039/C5CP01032B.

C. LEE, C.S. ROBERTSON, A.H. NGUYEN, M. KAHRAMAN, S. WACHSMANN-HOGIU,
Thickness of a metallic film, in addition to its roughness, plays a significant role in
SERS activity, Sci. Rep. 2015, 5, 1-10. https://doi.org/10.1038/srep11644.

K.L.KELLY, E. CORONADO, L.L. ZHAO, G.C. SCHATZ, The optical properties of metal
nanoparticles: The influence of size, shape, and dielectric environment, J. Phys. Chem.
B 2003, 107, 668-677. https://doi.org/10.1021/jp026731y.

B. Wu, N. MATHEWS, T.-C. SuM, Surface Plasmon Resonance, in: Plasmonic Org.
Sol. Cells, Nanosci. Nanotechnol., Springer, Singapore, 2017: pp. 25-31I.
https://doi.org/10.1007/978-981-10-2021-6 2.

K. WATANABE, Photochemistry on Nanoparticles, in: Encycl. Interfacial Chem.,
Elsevier, 2018: pp. 563—-572. https://doi.org/10.1016/B978-0-12-409547-2.13211-1.

C.G. KHOURY, T. VO-DINH, Plasmonic nanowave substrates for SERS: Fabrication
and numerical analysis, J. Phys. Chem. C 2012, 116, 7534-7545.
https://doi.org/10.1021/jp2120669.

G. KUMARI, J. KANDULA, C. NARAYANA, How Far Can We Probe by SERS?, J. Phys.
Chem. C 2015, 119, 20057-20064. https://doi.org/10.1021/acs.jpcc.5b07556.

F. BENZ, R. CHIKKARADDY, A. SALMON, H. OHADI, B. DE NUS, J. MERTENS, C.
CARNEGIE, R.W. BOWMAN, J.J. BAUMBERG, SERS of Individual Nanoparticles on a
Mirror: Size Does Matter, but so Does Shape, J. Phys. Chem. Lett. 2016, 7, 2264—
2269. https://doi.org/10.1021/acs.jpclett.6b00986.

K. KARN-ORACHAI, Gap-Dependent Surface-Enhanced Raman Scattering (SERS)
Enhancement Model of SERS Substrate-Probe Combination Using a Polyelectrolyte
Nanodroplet as a Distance Controller, Langmuir 2021, 37, 10776-10785.
https://doi.org/10.1021/acs.langmuir.1c01556.

K.M. MAYER, J.H. HAFNER, Localized Surface Plasmon Resonance Sensors, Chem.
Rev. 2011, 111, 3828-3857. https://doi.org/10.1021/cr100313v.

T.R. JENSEN, M.L. DUVAL, K.L. KELLY, A.A. LAZARIDES, G.C. SCHATZ, R.P. VAN
DUYNE, Nanosphere Lithography: Effect of the External Dielectric Medium on the
Surface Plasmon Resonance Spectrum of a Periodic Array of Silver Nanoparticles, J.
Phys. Chem. B 1999, 103, 9846-9853. https://doi.org/10.1021/jp9926802.

S. SUN, I.L. RASSKAZOV, P.S. CARNEY, T. ZHANG, A. MOROZ, Critical Role of Shell
in Enhanced Fluorescence of Metal-Dielectric Core-Shell Nanoparticles, J. Phys.
Chem. C 2020, 124, 13365-13373. https://doi.org/10.1021/acs.jpcc.0c03415.

X.KONG, Q. YU, X. ZHANG, X. DU, H. GONG, H. JIANG, Synthesis and application of
surface enhanced Raman scattering (SERS) tags of Ag@SiO 2 core/shell
nanoparticles in protein detection, J. Mater. Chem. 2012, 22, 7767-7774.
https://doi.org/10.1039/c2jm16397g.

J.ZHu, 1.J. L1, J.W. ZHAO, The Effect of Dielectric Coating on the Local Electric Field
Enhancement of Au-Ag Core-Shell Nanoparticles, Plasmonics 2015, 10, 1-8.
https://doi.org/10.1007/s11468-014-9769-1.

71



[27]

[30]

[31]

[39]

72

S.-Y. DING, J. Y1, J.-F. LI, B. REN, D.-Y. WU, R. PANNEERSELVAM, Z.-Q. TIAN,
Nanostructure-based plasmon-enhanced Raman spectroscopy for surface analysis of
materials, Nat. Rev. Mater. 2016, 1, 16021.
https://doi.org/10.1038/natrevmats.2016.21.

N.G. BASTUS, F. MERKOCI, J. PIELLA, V. PUNTES, Synthesis of Highly Monodisperse
Citrate-Stabilized Silver Nanoparticles of up to 200 nm: Kinetic Control and Catalytic
Properties, Chem. Mater. 2014, 26, 2836-2846. https://doi.org/10.1021/cm500316k.

N.G. BASTUS, J. COMENGE, V. PUNTES, Kinetically controlled seeded growth
synthesis of citrate-stabilized gold nanoparticles of up to 200 nm: Size focusing versus
ostwald ripening, Langmuir 2011, 27, 11098-11105.
https://doi.org/10.1021/1a201938u.

L. LN, X. BL, Y. Gu, F. WANG, J. YE, Surface-enhanced Raman scattering nanotags
for bioimaging, J. Appl. Phys. 2021, 129,. https://doi.org/10.1063/5.0047578.

M. Hu, J. CHEN, Z.Y. L1, L. AU, G. V. HARTLAND, X. L1, M. MARQUEZ, Y. XIA, Gold
nanostructures: Engineering their plasmonic properties for biomedical applications,
Chem. Soc. Rev. 2006, 35, 1084—1094. https://doi.org/10.1039/b517615h.

R.L1, K. LU, S. PAN, J.H. DING, Localized surface plasmon resonance of single silver
nano-hemisphere, Adv. Mater. Res. 2013, 818, 137-140.
https://doi.org/10.4028/www.scientific.net/ AMR.818.137.

K.M. MAYER, F. HAO, S. LEE, P. NORDLANDER, J.H. HAFNER, A single molecule

immunoassay by localized surface plasmon resonance., Nanotechnology 2010, 21,
255503. https://doi.org/10.1088/0957-4484/21/25/255503.

L.J. SHERRY, S.-H. CHANG, G.C. SCHATZ, R.P. VAN DUYNE, B.J. WILEY, Y. XIA,
Localized Surface Plasmon Resonance Spectroscopy of Single Silver Nanocubes,
Nano Lett. 2005, 5, 2034-2038. https://doi.org/10.1021/n10515753.

B.J. WILEY, Y. CHEN, J.M. MCLELLAN, Y. XIONG, Z.-Y. L1, D. GINGER, Y. XIA,
Synthesis and Optical Properties of Silver Nanobars and Nanorice, Nano Lett. 2007,
7, 1032—-1036. https://doi.org/10.1021/n1070214f.

G.J. NUSsz, S.M. MARINAKOS, A.C. CURRY, A. DAHLIN, F. HOOK, A. WAX, A.
CHILKOTI, Label-free plasmonic detection of biomolecular binding by a single gold
nanorod, Anal. Chem. 2008, 80, 984-989. https://doi.org/10.1021/ac7017348.

C.L. NEHL, H. Liao, J.H. HAFNER, Optical Properties of Star-Shaped Gold
Nanoparticles, Nano Lett. 2006, 6, 683—688. https://doi.org/10.1021/n1052409y.

R.E. DARIENZO, O. CHEN, M. SULLIVAN, T. MIRONAVA, R. TANNENBAUM, Au
nanoparticles for SERS: Temperature-controlled nanoparticle morphologies and their
Raman enhancing properties, Mater. Chem. Phys. 2020, 240, 122143.
https://doi.org/10.1016/j.matchemphys.2019.122143.

M. POTARA, T. NAGY-SIMON, A.M. CRACIUN, S. SUARASAN, E. LICARETE, F. IMRE-
LuUcAcl, S. ASTILEAN, Carboplatin-Loaded, Raman-Encoded, Chitosan-Coated Silver
Nanotriangles as Multimodal Traceable Nanotherapeutic Delivery Systems and pH
Reporters inside Human Ovarian Cancer Cells, ACS Appl. Mater. Interfaces 2017, 9,



[43]

[44]

[45]

32565-32576. https://doi.org/10.1021/acsami.7b10075.

T.Y. Fu, C.L. DU, Y.X. CHEN, R.X. ZHANG, Y. ZHU, L. SUN, D.N. SHI, Enhanced RI
Sensitivity and SERS Performances of Individual Au Nanobipyramid Dimers,
Plasmonics 2021, 16, 485-491. https://doi.org/10.1007/s11468-020-01302-8.

X. Luo, L. QI1a0, Z. X1A, J. YU, X. WANG, J. HUANG, C. SHU, C. WU, Y. HE, Shape-
and Size-Dependent Refractive Index Sensing and SERS Performance of Gold
Nanoplates, Langmuir 2022,. https://doi.org/10.1021/acs.langmuir.2c00663.

H. CHEN, X. Kou, Z. YANG, W. NI, J. WANG, Shape- and size-dependent refractive
index sensitivity of gold nanoparticles, Langmuir 2008, 24, 5233-5237.
https://doi.org/10.1021/1a800305;.

H. ZHu, X. YUuAN, Q. YAo, J. XIE, Shining photocatalysis by gold-based
nanomaterials, Nano Energy 2021, 88, 106306.
https://doi.org/10.1016/j.nanoen.2021.106306.

S. SARINA, E.R. WACLAWIK, H. ZHU, Photocatalysis on supported gold and silver
nanoparticles under ultraviolet and visible light irradiation, Green Chem. 2013, 15,
1814—1833. https://doi.org/10.1039/c3gc40450a.

M.A. AL-AzAWI, N. BIDIN, M. BOUOUDINA, S.M. MOHAMMAD, Preparation of gold
and gold-silver alloy nanoparticles for enhancement of plasmonic dye-sensitized solar
cells performance, Sol. Energy 2016, 126, 93-104.
https://doi.org/10.1016/j.solener.2015.12.043.

A. HAJIIAH, H. BADRAN, 1. KANDAS, N. SHEHATA, Perovskite Solar Cell with Added
Gold/Silver Nanoparticles: Enhanced Optical and Electrical Characteristics, Energies
2020, 13, 3854. https://doi.org/10.3390/en13153854.

N. IBRAHIM, N.D. JAMALUDDIN, L.L. TAN, N.Y. MOHD YUSOF, A Review on the
Development of Gold and Silver Nanoparticles-Based Biosensor as a Detection
Strategy of Emerging and Pathogenic RNA Virus, Sensors 2021, 21, 5114.
https://doi.org/10.3390/s21155114.

J. LIANG, H. L1u, J. YU, L. ZHOU, J. ZHU, Plasmon-enhanced solar vapor generation,
Nanophotonics 2019, 8, 771-786. https://doi.org/10.1515/nanoph-2019-0039.

V.A. MARKEL, Coupled-dipole Approach to Scattering of Light from a One-
dimensional Periodic Dipole Structure, J. Mod. Opt. 1993, 40, 2281-2291.
https://doi.org/10.1080/09500349314552291.

S. Zou, N. JANEL, G.C. SCHATZ, Silver nanoparticle array structures that produce
remarkably narrow plasmon lineshapes, J. Chem. Phys. 2004, 120, 10871-10875.
https://doi.org/10.1063/1.1760740.

S. Zou, G.C. SCHATZ, Narrow plasmonic/photonic extinction and scattering line
shapes for one and two dimensional silver nanoparticle arrays, J. Chem. Phys. 2004,
121, 12606-12612. https://doi.org/10.1063/1.1826036.

Q. LE-VAN, E. ZOETHOUT, E. GELUK, M. RAMEZANI, M. BERGHUIS, J. GOMEZ RIVAS,
Enhanced Quality Factors of Surface Lattice Resonances in Plasmonic Arrays of
Nanoparticles, Adv. Opt. Mater. 2019, 7, 1801451.

73



[53]

[56]

[57]

[58]

[63]

[64]

74

https://doi.org/10.1002/adom.201801451.

V.G. KRAVETS, F. SCHEDIN, A.N. GRIGORENKO, Extremely narrow plasmon
resonances based on diffraction coupling of localized plasmons in arrays of metallic
nanoparticles, Phys. Rev. Lett. 2008, 101, 1-4.
https://doi.org/10.1103/PhysRevLett.101.087403.

S. DENG, R. LI, J.E. PARK, J. GUAN, P. CHOO, J. HU, P.J.M. SMEETS, T.W. ODOM,
Ultranarrow plasmon resonances from annealed nanoparticle lattices, Proc. Natl.
Acad. Sci. U. S. A. 2020, 117, 23380-23384.
https://doi.org/10.1073/pnas.2008818117.

S. QIu, H. ZHANG, Z. SHI, H. L1, Z.K. ZHOU, Ultrasensitive Refractive Index Sensing
Based on Hybrid High-Q Metasurfaces, J. Phys. Chem. C 2023, 127, 8263-8270.
https://doi.org/10.1021/acs.jpcc.3c00367.

R.GUO, T.K. HAKALA, P. TORMA, Geometry dependence of surface lattice resonances
in plasmonic nanoparticle arrays, Phys. Rev. B 2017, 95, 155423.
https://doi.org/10.1103/PhysRevB.95.155423.

J. KELAVUORI, V. VANYUKOV, T. STOLT, P. KARVINEN, H. REKOLA, T.K. HAKALA,
M.J. HUTTUNEN, Thermal Control of Plasmonic Surface Lattice Resonances, Nano
Lett. 2022, 22, 3879-3883. https://doi.org/10.1021/acs.nanolett.1c04898.

M. CHARCONNET, M.T. KORSA, S. PETERSEN, J. PLoU, C. HANSKE, J. ADAM, A.
SEIFERT, Generalization of Self-Assembly Toward Differently Shaped Colloidal
Nanoparticles for Plasmonic  Superlattices, Small Methods 2023, 7,.
https://doi.org/10.1002/smtd.202201546.

W. WANG, M. RAMEZANI, A.I. VAKEVAINEN, P. TORMA, J.G. RIVAS, T.W. ODOM, The
rich photonic world of plasmonic nanoparticle arrays, Mater. Today 2018, 21, 303—
314. https://doi.org/10.1016/j.mattod.2017.09.002.

L. CHEN, C. HU, Y. DONG, Y. L1, Q. SHI, G. L1U, R. LONG, Y. XIONG, Tunable Layered
Gold Nanochips for High Sensitivity and Uniformity in SERS Detection, J. Phys.
Chem. C 2023,. https://doi.org/10.1021/acs.jpcc.3¢01359.

N. MEINZER, W.L. BARNES, I.R. HOOPER, Plasmonic meta-atoms and metasurfaces,
Nat. Photonics 2014, 8, 889—898. https://doi.org/10.1038/nphoton.2014.247.

P. ZILIOo, M. MALERBA, A. TOMA, R.P. ZACCARIA, A. JACASSI, F. DE ANGELIS,
Hybridization in Three Dimensions: A Novel Route toward Plasmonic
Metamolecules, Nano Lett. 2015, 15, 5200-5207.
https://doi.org/10.1021/acs.nanolett.5b01437.

V.G. KRAVETS, F. SCHEDIN, R. JALIL, L. BRITNELL, R. V. GORBACHEV, D. ANSELL,
B. THACKRAY, K.S. NOVOSELOV, A.K. GEIM, A. V. KABASHIN, A.N. GRIGORENKO,
Singular phase nano-optics in plasmonic metamaterials for label-free single-molecule
detection, Nat. Mater. 2013, 12, 304-309. https://doi.org/10.1038/nmat3537.

K.T. CARRON, H.W. LEHMANN, W. FLUHR, M. MEIER, A. WOKAUN, Resonances of
two-dimensional particle gratings in surface-enhanced Raman scattering, J. Opt. Soc.
Am. B 1986, 3, 430. https://doi.org/10.1364/josab.3.000430.



[65]

[69]

[70]

[71]

[72]

[75]

[76]

[77]

T.K. HAKALA, H.T. REKOLA, A.l. VAKEVAINEN, J.P. MARTIKAINEN, M. NECADA, A.J.
MOILANEN, P. TORMA, Lasing in dark and bright modes of a finite-sized plasmonic
lattice, Nat. Commun. 2017, 8, 1-7. https://doi.org/10.1038/ncomms13687.

P. BERINI, I. DE LEON, Surface plasmon-polariton amplifiers and lasers, Nat.
Photonics 2012, 6, 16-24. https://doi.org/10.1038/nphoton.2011.285.

V. GUPTA, P.T. PROBST, F.R. GOBLER, A.M. STEINER, J. SCHUBERT, Y. BRASSE,
T.A.F. KONIG, A. FERY, Mechanotunable Surface Lattice Resonances in the Visible
Optical Range by Soft Lithography Templates and Directed Self-Assembly, ACS Appl.
Mater. Interfaces 2019, 11, 28189-28196. https://doi.org/10.1021/acsami.9b08871.

K. KNEIPP, M. MOSKOVITS, H. KNEIPP, Surface Enhanced Raman Scattering: Physics
and Applications | Katrin Kneipp, Martin Moskovits, Harald Kneipp | download, 2006.
https://b-ok.cc/book/496360/1659ac.

E. SMITH, G. DENT, Modern raman spectroscopy: A practical approach, 2019.
https://doi.org/10.1002/0470011831.

B. WILEY, Y. SUN, Y. XIA, Synthesis of silver nanostructures with controlled shapes
and properties, Acc. Chem. Res. 2007, 40, 1067-1076.
https://doi.org/10.1021/ar7000974.

M. YANG, R. ALVAREZ-PUEBLA, H.S. KiM, P. ALDEANUEVA-POTEL, L.M. Liz-
MARZAN, N.A. KOoTov, SERS-active gold lace nanoshells with built-in hotspots, Nano
Lett. 2010, 10, 4013-4019. https://doi.org/10.1021/n1101946¢.

A.J. BLANCH, M. DOBLINGER, J. RODRIGUEZ-FERNANDEZ, Simple and Rapid High-
Yield Synthesis and Size Sorting of Multibranched Hollow Gold Nanoparticles with
Highly Tunable NIR Plasmon Resonances, Small 2015, 11, 4550-4559.
https://doi.org/10.1002/smll.201500095.

H. MARKS, M. SCHECHINGER, J. GARZA, A. LOCKE, G. COTE, Surface enhanced
Raman spectroscopy (SERS) for in vitro diagnostic testing at the point of care,
Nanophotonics 2017, 6, 681-701. https://doi.org/10.1515/nanoph-2016-0180.

L. YANG, J. FENG, J.N. WANG, Z. GAO, J. XU, Y. MEL Y.Y. SONG, Engineering large-
scaled electrochromic semiconductor films as reproductive SERS substrates for
operando investigation at the solid/liquid interfaces, Chinese Chem. Lett. 2022, 33,
5169-5173. https://doi.org/10.1016/j.cclet.2022.03.011.

Y. WEI, Q. HAO, X. FAN, M. LI, L. YAO, G. L1, X. ZHAO, H. HUANG, T. QIU,
Investigation of the Plasmon-Activated C-C Coupling Reactions by Liquid-State
SERS Measurement, ACS Appl. Mater. Interfaces 2022, 14, 54320-54327.
https://doi.org/10.1021/acsami.2c15223.

N.A. HATAB, G. ERES, P.B. HATZINGER, B. GU, Detection and analysis of
cyclotrimethylenetrinitramine (RDX) in environmental samples by surface-enhanced
Raman  spectroscopy, J. Raman  Spectrosc. 2010, 41, 1131-1136.
https://doi.org/10.1002/jrs.2574.

Y. Ma, H. Liu, Y. CHEN, C. GU, G. WEIL, T. JIANG, Improved lateral flow strip based
on hydrophilic—hydrophobic SERS substrate for ultra—sensitive and quantitative

75



(78]

[80]

[81]

[84]

[85]

[86]

[87]

[88]

76

immunoassay, Appl. Surf. Sci. 2020, 529, 2-17.
https://doi.org/10.1016/j.apsusc.2020.147121.

N.YANG, T.T. You, Y.K. GAO, C.M. ZHANG, P.G. YN, Fabrication of a Flexible Gold
Nanorod Polymer Metafilm via a Phase Transfer Method as a SERS Substrate for
Detecting Food Contaminants, J. Agric. Food Chem. 2018, 66, 6889—-6896.
https://doi.org/10.1021/acs.jafc.8b01702.

V. SHARMA, S. KUMAR, A. JAISWAL, V. KRISHNAN, Gold Deposited Plant Leaves for
SERS: Role of Surface Morphology, Wettability and Deposition Technique in
Determining the Enhancement Factor and Sensitivity of Detection, ChemistrySelect
2017, 2, 165-174. https://doi.org/10.1002/slct.201601451.

W. TANG, D.B. CHASE, J.F. RABOLT, Immobilization of gold nanorods onto

electrospun polycaprolactone fibers via polyelectrolyte decoration - A 3D SERS
substrate, Anal. Chem. 2013, 85, 10702—10709. https://doi.org/10.1021/ac400241z.

W.YE, D. WANG, H. ZHANG, F. ZHOU, W. L1U, Electrochemical growth of flowerlike
gold nanoparticles on polydopamine modified ITO glass for SERS application,
Electrochim. Acta 2010, 55, 2004-2009.
https://doi.org/10.1016/j.electacta.2009.11.022.

M. CELIK, S. ALTUNTAS, F. BUYUKSERIN, Fabrication of nanocrater-decorated anodic
aluminum oxide membranes as substrates for reproducibly enhanced SERS signals,
Sensors Actuators, B Chem. 2018, 255, 2871-28717.
https://doi.org/10.1016/j.snb.2017.09.105.

T. WANG, Z. ZHANG, F. Liao, Q. CAI, Y. LI, S.-T. LEE, M. SHAO, The Effect of
Dielectric Constants on Noble Metal/Semiconductor SERS Enhancement: FDTD
Simulation and Experiment Validation of Ag/Ge and Ag/Si Substrates, Sci. Rep. 2015,
4, 4052. https://doi.org/10.1038/srep04052.

G. LU, G. WANG, H. L1, Effect of nanostructured silicon on surface enhanced Raman
scattering, RSC Adv. 2018, 8, 6629—-6633. https://doi.org/10.1039/c8ra00014;.

S. ZAVATSKI, N. KHINEVICH, K. GIREL, S. REDKO, N. KOVALCHUK, 1. KOMISSAROV,
V. LUKASHEVICH, I. SEMAK, K. MAMATKULOV, M. VOROBYEVA, G. ARZUMANYAN,
H. BANDARENKA, Surface enhanced raman spectroscopy of lactoferrin adsorbed on
silvered porous silicon covered with graphene, Biosensors 2019, 9, 34.
https://doi.org/10.3390/bi0os9010034.

H. V. BANDARENKA, N. V. KHINEVICH, A.A. BURKO, S. V. REDKO, S.A. ZAVATSKI,
U.A. SHAPEL, K.Z. MAMATKULOV, M.Y. VOROBYEVA, G.M. ARZUMANYAN, 3D
Silver Dendrites for Single-molecule Imaging by Surface-enhanced Raman
Spectroscopy, ChemNanoMat 2020, 1-10. https://doi.org/10.1002/cnma.202000521.

H. V. BANDARENKA, K. V. GIREL, S.A. ZAVATSKI, A. PANARIN, S.N. TEREKHOV,
Progress in the development of SERS-active substrates based on metal-coated porous
silicon, Materials (Basel). 2018, 11, 1-20. https://doi.org/10.3390/mal1050852.

D. QIN, Y. XiA, G.M. WHITESIDES, Soft lithography for micro- and nanoscale
patterning, Nat. Protoc. 2010, 5, 491-502. https://doi.org/10.1038/nprot.2009.234.



[89]

[96]

[97]

(98]

[99]

[100]

H. Guo, J. TANG, K. QIAN, D. TSOUKALAS, M. ZHAO, J. YANG, B. ZHANG, X. CHOU,
J. Liu, C. XUE, W. ZHANG, Vectorial strain gauge method using single flexible
orthogonal  polydimethylsiloxane gratings, Sci. Rep. 2016, 6, 1-10.
https://doi.org/10.1038/srep23606.

M. Wu, C. ZHANG, Y. J1, Y. TiAN, H. WEI, C. LI, Z. L1, T. ZHU, Q. SUN, B. MAN, M.
Liu, 3D ultrasensitive polymers-plasmonic hybrid flexible platform for in-situ
detection, Polymers (Basel). 2020, 12,. https://doi.org/10.3390/polym12020392.

C. ZHANG, P. Y1, L. PENG, X. LAL J. CHEN, M. HUANG, J. N1, Continuous fabrication
of nanostructure arrays for flexible surface enhanced Raman scattering substrate, Sci.
Rep. 2017, 7,. https://doi.org/10.1038/srep39814.

J. PLoU, M. CHARCONNET, I. GARCIA, J. CALVO, L.M. LiZ-MARZAN, Preventing
Memory Effects in Surface-Enhanced Raman Scattering Substrates by Polymer
Coating and Laser-Activated Deprotection, ACS Nano 2021, 15, 8984-8995.
https://doi.org/10.1021/acsnano.1c01878.

L. MALAQUIN, T. KRAUS, H. SCHMID, E. DELAMARCHE, H. WOLF, Controlled particle
placement through convective and capillary assembly, Langmuir 2007, 23, 11513—
11521. https://doi.org/10.1021/1a700852c.

A.M. STEINER, M. MAYER, M. SEUSS, S. NIKOLOV, K.D. HARRIS, A. ALEXEEV, C.
KUTTNER, T.A.F. KONIG, A. FERY, Macroscopic Strain-Induced Transition from
Quasi-infinite Gold Nanoparticle Chains to Defined Plasmonic Oligomers, 4CS Nano
2017, 11, 8871-8880. https://doi.org/10.1021/acsnano.7b03087.

A.YANG, A.J. HRYN, M.R. BOURGEOIS, W K. LEE, J. HU, G.C. SCHATZ, T.W. ODOM,
Programmable and reversible plasmon mode engineering, Proc. Natl. Acad. Sci. U. S.
A. 2016, 113, 14201-14206. https://doi.org/10.1073/pnas.1615281113.

A. MizuNO, A. ONO, Dynamic Control of the Interparticle Distance in a Self-
Assembled Ag Nanocube Monolayer for Plasmonic Color Modulation, ACS Appl.
Nano Mater. 2021, 4, 9721-9728. https://doi.org/10.1021/acsanm.1¢02089.

Z. YE, C. L1, Q. CHEN, Y. XU, S.E.J. BELL, Ultra-Stable Plasmonic Colloidal
Aggregates for Accurate and Reproducible Quantitative SE(R)RS in Protein-Rich
Biomedia, Angew. Chemie 2019, 131, 19230-19235.
https://doi.org/10.1002/ange.201911608.

K.J. S1, D. SIKDAR, Y. CHEN, F. EFTEKHARI, Z. XU, Y. TANG, W. XIONG, P. GUoO, S.
ZHANG, Y. LU, Q. BAO, W. ZHU, M. PREMARATNE, W. CHENG, Giant Plasmene
Nanosheets, Nanoribbons, and Origami, ACS Nano 2014, 8, 11086-11093.
https://doi.org/10.1021/nn504615a.

S.J. BARCELO, A. KiM, W. WU, Z. L1, Fabrication of deterministic nanostructure
assemblies with sub-nanometer spacing using a nanoimprinting transfer technique,
ACS Nano 2012, 6, 6446—6452. https://doi.org/10.1021/nn3020807.

S. ALMAVIVA, S. BOTTI, L. CANTARINI, R. FANTONI, S. LECCI, A. PALUCCI, A. PUIU,
A. RUFOLONI, Ultrasensitive RDX detection with commercial SERS substrates, J.
Raman Spectrosc. 2014, 45, 41-46. https://doi.org/10.1002/jrs.4413.

71



[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]
78

M. Hu, F.S. Ou, W. Wu, 1. NAUMOV, X. LI, A.M. BRATKOVSKY, R.S. WILLIAMS, Z.
L1, Gold nanofingers for molecule trapping and detection, J. Am. Chem. Soc. 2010,
132, 12820-12822. https://doi.org/10.1021/ja105248h.

M.S. SCHMIDT, J. HUBNER, A. BOISEN, Large area fabrication of leaning silicon
nanopillars for Surface Enhanced Raman Spectroscopy, Adv. Mater. 2012, 24, 11-18.
https://doi.org/10.1002/adma.201103496.

K. Wu, T. LI, M.S. SCHMIDT, T. RINDZEVICIUS, A. BOISEN, S. NDONI, Gold
Nanoparticles Sliding on Recyclable Nanohoodoos—Engineered for Surface-
Enhanced Raman  Spectroscopy, Adv.  Funct.  Mater. 2018, 28,.
https://doi.org/10.1002/adfm.201704818.

W.S. CHEW, S. PEDIREDDY, Y.H. LEE, W.W. Tiiu, Y. Liu, Z. YANG, X.Y. LING,
Nanoporous Gold Nanoframes with Minimalistic Architectures: Lower Porosity
Generates Stronger Surface-Enhanced Raman Scattering Capabilities, Chem. Mater.
2015, 27, 7827-7834. https://doi.org/10.1021/acs.chemmater.5b03870.

F. Zou, H. ZHou, T. VAN TaAN, J. KiM, K. KoH, J. LEE, Dual-Mode SERS-
Fluorescence Immunoassay Using Graphene Quantum Dot Labeling on One-
Dimensional Aligned Magnetoplasmonic Nanoparticles, ACS Appl. Mater. Interfaces
2015, 7, 12168-12175. https://doi.org/10.1021/acsami.5Sb02523.

R. GAO, X. SONG, C. ZHAN, C. WENG, S. CHENG, K. GUO, N. MA, H. CHANG, Z. GUO,
L.B. Luo, L. Yu, Light trapping induced flexible wrinkled nanocone SERS substrate
for highly sensitive explosive detection, Sensors Actuators, B Chem. 2020, 314,
128081. https://doi.org/10.1016/j.snb.2020.128081.

K.N. KANIPE, P.P.F. CHIDESTER, G.D. STUCKY, M. MOSKOVITS, Large Format
Surface-Enhanced Raman Spectroscopy Substrate Optimized for Enhancement and
Uniformity, ACS Nano 2016, 10, 7566-7571.
https://doi.org/10.1021/acsnano.6b02564.

P. NIELSEN, S. HASSING, O. ALBREKTSEN, S. FOGHMOES, P. MORGEN, Fabrication of
large-area self-organizing gold nanostructures with sub-10 nm gaps on a porous
Al203 template for application as a SERS-substrate, J. Phys. Chem. C 2009, 113,
14165-14171. https://doi.org/10.1021/jp9039012.

G. DAS, M. CHIRUMAMILLA, A. TOMA, A. GOPALAKRISHNAN, R.P. ZACCARIA, A.
ALABASTRI, M. LEONCINI, E. DI FABRIZIO, Plasmon based biosensor for
distinguishing different peptides mutation states, Sci. Rep. 2013, 3, 1-6.
https://doi.org/10.1038/srep01792.

X. L1, H. Hu, D. LI, Z. SHEN, Q. XIONG, S. L1, H.J. FAN, Ordered array of gold
semishells on TiO 2 spheres: An ultrasensitive and recyclable SERS substrate, 4CS
Appl. Mater. Interfaces 2012, 4, 2180-2185. https://doi.org/10.1021/am300189n.

H.K. LEE, Y.H. LEE, Q. ZHANG, LY. PHANG, J.M.R. TAN, Y. Cul, X.Y. LING,
Superhydrophobic surface-enhanced Raman scattering platform fabricated by
assembly of Ag nanocubes for trace molecular sensing, ACS Appl. Mater. Interfaces
2013, 5, 11409-11418. https://doi.org/10.1021/am403655g.

A.B. SERRANO-MONTES, D.J. DE ABERASTURI, J. LANGER, J.J. GINER-CASARES, L.



[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

SCARABELLI, A. HERRERO, L.M. L1Z-MARZAN, A General Method for Solvent
Exchange of Plasmonic Nanoparticles and Self-Assembly into SERS-Active
Monolayers, Langmuir 2015, 31, 9205-9213.
https://doi.org/10.1021/acs.langmuir.5b01838.

F. QIAN, A.J. PASCALL, M. BORA, T.Y.J. HAN, S. GUO, S.S. LY, M.A. WORSLEY, J.D.
KUNTZ, T.Y. OLSON, On-demand and location selective particle assembly via
electrophoretic deposition for fabricating structures with particle-to-particle precision,
Langmuir 2015, 31, 3563-3568. https://doi.org/10.1021/1a502724n.

Y. MA, H. Liu, M. MAO, J. MENG, L. YANG, J. L1U, Surface-Enhanced Raman
Spectroscopy on Liquid Interfacial Nanoparticle Arrays for Multiplex Detecting
Drugs in Urine, Anal. Chem. 2016, 88, 8145-8151.
https://doi.org/10.1021/acs.analchem.6b01884.

G. YANG, J. NANDA, B. WANG, G. CHEN, D.T. HALLINAN, Self-Assembly of Large
Gold Nanoparticles for Surface-Enhanced Raman Spectroscopy, ACS Appl. Mater.
Interfaces 2017, 9, 13457—-13470. https://doi.org/10.1021/acsami.7b01121.

S. NI, J. LEEMANN, I. BUTTINONI, L. ISA, H. WOLF, Programmable colloidal molecules
from sequential capillarity-assisted particle assembly, Sci. Adv. 2016, 2, 1-8.
https://doi.org/10.1126/sciadv.1501779.

N.J. GREYBUSH, M. SABOKTAKIN, X. YE, C. DELLA GIOVAMPAOLA, S.J. OH, N.E.
BERRY, N. ENGHETA, C.B. MURRAY, C.R. KAGAN, Plasmon-enhanced upconversion
luminescence in single nanophosphor-nanorod heterodimers formed through
template-assisted  self-assembly, ACS  Nano 2014, 8, 9482-9491.
https://doi.org/10.1021/nn503675a.

S. N1, M.J.K. KLEIN, N.D. SPENCER, H. WOLF, Cascaded assembly of complex
multiparticle patterns, Langmuir 2014, 30, 90-95. https://doi.org/10.1021/1a403956e¢.

M. JUODENAS, T. TAMULEVICIUS, J. HENZIE, D. ERTS, S. TAMULEVICIUS, Surface
Lattice Resonances in Self-Assembled Arrays of Monodisperse Ag Cuboctahedra,
ACS Nano 2019, 13, 9038-9047. https://doi.org/10.1021/acsnano.9b03191.

D. VIRGANAVICIUS, M. JUODENAS, T. TAMULEVICIUS, H. SCHIFT, S. TAMULEVICIUS,
Investigation of transient dynamics of capillary assisted particle assembly yield, Appl.
Surf. Sci. 2017, 406, 136—143. https://doi.org/10.1016/j.apsusc.2017.02.100.

I. ALEKNAVICIENE, E. PABREZA, M. TALAIKIS, M. JANKUNEC, G. RACIUKAITIS, Low-
cost SERS substrate featuring laser-ablated amorphous nanostructure, Appl. Surf. Sci.
2022, 571, 151248. https://doi.org/10.1016/j.apsusc.2021.151248.

P. JIANG, A. NION, A. MARCHENKO, L. PI0T, D. FICHOU, Rotational Polymorphism in
2-Naphthalenethiol SAMs on Au(111), J. Am. Chem. Soc. 2006, 128, 12390—-12391.
https://doi.org/10.1021/ja063060z.

A.D. RAKIC, A.B. DJURISIC, J.M. ELAZAR, M.L. MAJEWSKI, Optical properties of
metallic films for vertical-cavity optoelectronic devices, Appl. Opt. 1998, 37, 5271.
https://doi.org/10.1364/A0.37.005271.

J. GROBELNY, M. KRZYZOWSKA, P. ORLOWSKI, K. RANOSZEK-SOLIWODA, E. SOCHA,

79



[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]
80

P. KRzZYCZMONIK, G. CELICHOWSKI, A. IGNACZAK, E. TOMASZEWSKA, The role of
tannic acid and sodium citrate in the synthesis of silver nanoparticles, J. Nanoparticle
Res. 2017, 19,. https://doi.org/10.1007/s11051-017-3973-9.

C. GANGWAR, B. YASEEN, 1. KUMAR, N.K. SINGH, R.M. NAIK, Growth Kinetic Study
of Tannic Acid Mediated Monodispersed Silver Nanoparticles Synthesized by
Chemical Reduction Method and Its Characterization, ACS Omega 2021, 6, 22344—
22356. https://doi.org/10.1021/acsomega.1c03100.

J. L1u, D.A. SONSHINE, S. SHERVANI, R.H. HURT, Controlled Release of Biologically
Active Silver from Nanosilver Surfaces, ACS Nano 2010, 4, 6903-6913.
https://doi.org/10.1021/nn102272n.

A.L. PATTERSON, The scherrer formula for X-ray particle size determination, Phys.
Rev. 1939, 56, 978-982. https://doi.org/10.1103/PhysRev.56.978.

G. V. HARTLAND, Optical studies of dynamics in noble metal nanostructures, Cherm.
Rev. 2011, 111, 3858-3887. https://doi.org/10.1021/cr1002547.

W. HUANG, W. QIAN, M.A. EL-SAYED, Y. DING, Z.L. WANG, Effect of the Lattice
Crystallinity on the Electron—Phonon Relaxation Rates in Gold Nanoparticles, J. Phys.
Chem. C 2007, 111, 10751-10757. https://doi.org/10.1021/jp0738917.

Y.U. STAECHELIN, D. HOEING, F. ScHULZ, H. LANGE, Size-Dependent Electron—
Phonon Coupling in Monocrystalline Gold Nanoparticles, ACS Photonics 2021, 8,
752-757. https://doi.org/10.1021/acsphotonics.1c00078.

D. PECKUS, S. MESKINIS, A. VASILIAUSKAS, E. RAJACKAITE, M. ANDRULEVICIUS, V.
KOPUSTINSKAS, S. TAMULEVICIUS, Structure and optical properties of diamond like
carbon films containing aluminium and alumina, Appl. Surf. Sci. 2020, 529, 147040.
https://doi.org/10.1016/j.apsusc.2020.147040.

Q. DARUGAR, W. QIAN, M.A. EL-SAYED, M.P. PILENI, Size-dependent ultrafast
electronic energy relaxation and enhanced fluorescence of copper nanoparticles, J.
Phys. Chem. B 2006, 110, 143—149. https://doi.org/10.1021/jp0545445.

P.K. JAIN, W. QIAN, M.A. EL-SAYED, Ultrafast electron relaxation dynamics in
coupled metal nanoparticles in aggregates, J. Phys. Chem. B 2006, 110, 136-142.
https://doi.org/10.1021/jp055562p.

M. ZHAO, A. MCCORMACK, M. KESWANI, The formation mechanism of gradient
porous Si in a contactless electrochemical process, J. Mater. Chem. C 2016, 4, 4204—
4210. https://doi.org/10.1039/c6tc00309e.

G. LAMMEL, S. SCHWEIZER, S. SCHIESSER, P. RENAUD, Tunable optical filter of porous
silicon as key component for a MEMS spectrometer, J. Microelectromechanical Syst.
2002, 11, 815-828. https://doi.org/10.1109/JMEMS.2002.803278.

T.F. PAES, A.F. BELOTO, E.C.D.S. GALVAO, L.A. BERNI, Simple method for
measuring the porosity, thickness and refractive index of porous silicon, based on the
Fabry-Pérot interference spectrum, Rev. Bras. Apl. Vacuo 2017, 35, 117.
https://doi.org/10.17563/rbav.v35i3.1044.

N.H. MANIYA, S.R. PATEL, Z.V.P. MURTHY, Electrochemical preparation of



[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

microstructured porous silicon layers for drug delivery applications, Superlattices
Microstruct. 2013, 55, 144—150. https://doi.org/10.1016/j.spmi.2012.12.005.

H. SoHN, Handbook of Porous Silicon, Springer International Publishing, Cham,
2021. https://doi.org/10.1007/978-3-319-04508-5.

K.G. STAMPLECOSKIE, J.C. SCAIANO, V.S. TIWARI, H. ANIS, Optimal size of silver
nanoparticles for surface-enhanced raman spectroscopy, J. Phys. Chem. C 2011, 115,
1403-1409. https://doi.org/10.1021/jp106666t.

R. REDON, A. VAZQUEZ-OLMOS, M.E. MATA-ZAMORA, A. ORDONEZ-MEDRANO, F.
RIVERA-TORRES, J.M. SANIGER, Contact angle studies on anodic porous alumina, J.
Colloid Interface Sci. 2005, 287, 664—670. https://doi.org/10.1016/j.jcis.2005.02.036.

A. CASADEI, E.F. PECORA, J. TREVINO, C. FORESTIERE, D. RUFFER, E. RUSSO-
AVERCHI, F. MATTEINI, G. TUTUNCUOGLU, M. HEISS, A. FONTCUBERTA I MORRAL,
L. DAL NEGRO, Photonic-plasmonic coupling of GaAs single nanowires to optical
nanoantennas, Nano Lett. 2014, 14, 2271-2278. https://doi.org/10.1021/n1404253x.

P. OFFERMANS, M.C. SCHAAFSMA, S.R.K. RODRIGUEZ, Y. ZHANG, M. CREGO-
CALAMA, S.H. BRONGERSMA, J. GOMEZ RI1VAS, Universal scaling of the figure of
merit of  plasmonic  sensors, ACS Nano 2011, 5, 5151-5157.
https://doi.org/10.1021/nn201227b.

N. Liu, T. LIEDL, Europe PMC Funders Group DNA-assembled advanced plasmonic
architectures, 2019, 118, 3032-3053.
https://doi.org/10.1021/acs.chemrev.7b00225.DNA -assembled.

R. BORAH, S.W. VERBRUGGEN, Coupled Plasmon Modes in 2D Gold Nanoparticle
Clusters and Their Effect on Local Temperature Control, J. Phys. Chem. C 2019, 123,
30594-30603. https://doi.org/10.1021/acs.jpcc.9b09048.

I. RAGHEB, M. BRAIK, S. LAU-TRUONG, A. BELKHIR, A. RUMYANTSEVA, S.
KOSTCHEEV, P.-M. ADAM, A. CHEVILLOT-BIRAUD, G. LEVI, J. AUBARD, L.
BOUBEKEUR-LECAQUE, N. FELIDJ, Surface Enhanced Raman Scattering on Regular
Arrays of Gold Nanostructures: Impact of Long-Range Interactions and the
Surrounding Medium, Nanomaterials 2020, 10, 2201.
https://doi.org/10.3390/nano10112201.

M. CHARCONNET, C. KUTTNER, J. PLOU, J.L. GARCIA-POMAR, A. MIHI, L.M. Liz-
MARZAN, A. SEIFERT, Mechanically Tunable Lattice-Plasmon Resonances by
Templated Self-Assembled Superlattices for Multi-Wavelength Surface-Enhanced
Raman Spectroscopy, Small Methods 2021, 5, 2100453.
https://doi.org/10.1002/smtd.202100453.

Q. Guo, M. Xu, Y. YUAN, R. GU, J. YAO, Self-assembled large-scale monolayer of
Au nanoparticles at the air/water interface used as a SERS substrate, Langmuir 2016,
32,4530-4537. https://doi.org/10.1021/acs.langmuir.5b04393.

Y. Hu, T. ZHAO, P. ZHU, Y. ZHU, X. LIANG, R. SUN, C.P. WONG, Tailoring Size and
Coverage Density of Silver Nanoparticles on Monodispersed Polymer Spheres as
Highly Sensitive SERS Substrates, Chem. - An Asian J. 2016, 11, 2428-2435.
https://doi.org/10.1002/asia.201600821.

81



[149]

[150]

82

R.K. SAINI, A. KUMAR, V. GOYAL, A. AGARWAL, R. PRAJESH, Evaluating EM-field
enhancement of different shapes of metallic nanoparticles using COMSOL
multiphysics for SERS-based sensors, Mater. Today Proc. 2023, 76, 383-387.
https://doi.org/10.1016/j.matpr.2022.11.425.

I. KNORR, J. IHLEMANN, G. MAROWSKY, Prediction and Optimization of Surface-
Enhanced Raman Scattering Geometries, 2002, 14, 2008.



SCIENTIFIC PAPERS

[A1]

[A2]

[A3]

[A4]

Khinevich Nadzeya; Bandarenka Hanna; Zavatski Siarhei; Girel Kseniya;
Tamulevic¢iené Asta; Tamulevi¢ius Tomas; Tamulevicius Sigitas. Porous
silicon — a versatile platform for mass-production of ultrasensitive SERS-
active substrates // Microporous and Mesoporous Materials. Amsterdam:
Elsevier. ISSN 1387-1811. eISSN 1873-3093. 2021, vol. 323, art. No. 111204,
p. 1-18. DOI: 10.1016/j.micromeso.2021.111204 [IF: 5.2].

Nadzeya Khinevich, Domantas Peckus, Asta Tamuleviciené, Gerda Klimaité,
Joel Henzie, Tomas Tamulevi¢ius, Sigitas Tamulevicius. Size and
Crystallinity Effect on the Ultrafast Optical Response of Chemically
Synthesized Silver Nanoparticles // Journal of Materiomics (2023), DOI:
10.1016/j.jmat.2023.08.009 [IF: 9.4].

Khinevich Nadzeya; Juodénas Mindaugas; Tamulevi¢iené Asta; Bandarenka
Hanna; Tamulevicius Sigitas. Tailoring Mesoporous Silicon Surface to Form
a Versatile Template for Nanoparticle Deposition // Coatings. Basel: MDPI.
ISSN 2079-6412. 2021, vol. 11, iss. 6, art. No. 699, p. 1-10. DOLI:
10.3390/coatings11060699 [IF: 3.4].

Khinevich Nadzeya; Juodénas Mindaugas; Tamuleviciené Asta; Tamulevicius
Tomas; Talaikis Martynas; Niaura Gediminas; Tamulevicius Sigitas.
Wavelength-Tailored Enhancement of Raman Scattering on a Resonant
Plasmonic Lattice // Sensors and actuators B: Chemical. Lausanne: Elsevier.
ISSN 0925-4005. eISSN 1944-8201. 2023, vol. 394, art. No. 134418, p. 1-8.
DOI: 10.1016/j.snb.2023.134418 [IF: 8.400].

83



CURRICULUM VITAE

High School, Gymnasium Ne 29, Minsk, Belarus

Diploma of Electrical Engineer (field: Micro and
Nanoelectronics), Belarusian State University of Informatics
and Radioelectronics, Minsk, Belarus.

Master’s degree in Engineering Sciences (field: Solid-State
Electronics, Radioelectronics, Micro- and Nanoelectronics,
Quantum Effect Devices), Belarusian State University of
Informatics and Radioelectronics, Minsk, Belarus.

PhD in Materials Science, Kaunas University of Technology,
Kaunas, Lithuania (expected 2024—05-31)

Nadzeya Khinevich
nadzeya.khinevich@ktu.It
Education:

2001 — 2012

2012 — 2017

2017 —2018

2018 — now

2022

March — June

ERASMUS+ internship at Mads Clausen Institute of the
University of Southern Denmark, Senderborg, Denmark

Professional experience:

84

2016 -2017
2017 -2020
2020 - 2021

2020 — present

2022 — present

Engineer, laboratory Materials and Structures of
Nanoelectronics, Micro- and Nanoelectronics Department,
Belarusian ~ State  University of Informatics and
Radioclectronics, Minsk, Belarus.

Junior Researcher, laboratory Applied Plasmonics, Micro-
and Nanoelectronics Department, Belarusian State
University of Informatics and Radioelectronics, Minsk,
Belarus

Junior Researcher, UAB Nanoversa, Kaunas, Lithuania

Project Junior Researcher, laboratory Nano and
Microlithography, Institute of Materials Science Kaunas
University of Technology, Kaunas, Lithuania.

Technician, laboratory Surface and Thin Films, Institute of
Materials Science, Kaunas University of Technology,
Kaunas, Lithuania.



Scientific papers forming the basis of this dissertation:

L.

2.

Khinevich Nadzeya; Bandarenka Hanna; Zavatski Siarhei; Girel Kseniya;
Tamulevi¢iené Asta; Tamulevicius Tomas; Tamulevicius Sigitas. Porous
silicon — a versatile platform for mass-production of ultrasensitive SERS-
active substrates // Microporous and mesoporous materials. Amsterdam:
Elsevier. ISSN 1387-1811. eISSN 1873-3093. 2021, vol. 323, art. No.
111204, p. 1-18. DOI: 10.1016/j.micromeso.2021.111204 [IF: 5,876].
Nadzeya Khinevich, Domantas Peckus, Asta Tamulevi¢iené, Gerda
Klimaité, Joel Henzie, Tomas Tamulevicius, Sigitas Tamulevicius. Size
and crystallinity effect on the ultrafast optical response of chemically
synthesized silver nanoparticles // Journal of Materiomics (2023), DOI:
10.1016/j.jmat.2023.08.009 [IF: 9.4].

Khinevich Nadzeya; Juodénas Mindaugas; Tamuleviiené Asta;
Bandarenka Hanna; Tamulevicius Sigitas. Tailoring mesoporous silicon
surface to form a versatile template for nanoparticle deposition // Coatings.
Basel: MDPI. ISSN 2079-6412. 2021, vol. 11, iss. 6, art. No. 699, p. 1-10.
DOI: 10.3390/coatings11060699 [IF: 3.236].

Khinevich  Nadzeya; Juodénas Mindaugas; TamuleviCienéAsta;
Tamulevi¢ius Tomas; Talaikis Martynas; Niaura Gediminas; Tamulevi¢ius
Sigitas. Wavelength-tailored enhancement of Raman scattering on a
resonant plasmonic lattice // Sensors and actuators B: Chemical. Lausanne:
Elsevier. ISSN 0925-4005. eISSN 1944-8201. 2023, vol. 394, art. No.
134418, p. 1-8. DOI: 10.1016/j.snb.2023.134418 [IF: 8.400].

Peer-reviewed publications not related to this dissertation:

S.

Bandarenka Hanna V.; Khinevich Nadzeya; Burko Aliaksandr; Redko
Sergey; Zavatski Siarhei; Shapel Uladzislau; Mamatkulov Kahramon;
Vorobyeva Maria; Arzumanyan Grigory. 3D NPsdendrites for single-
molecule imaging by surface-enhanced Raman spectroscopy //
ChemNanoMat. Weinheim: Wiley-VCH. ISSN 2199-692X. 2021, vol. 7,
iss. 2, p. 141-149. DOI: 10.1002/cnma.202000521 [IF: 3.820].

Gorudko I.V.; Grigorieva D.V.; Shamova E.V.; Gorbunov N.P.; Kokhan,
A.U.; Kostevich V.A.; Vasilyev V.B.; Panasenko O.M.; Khinevich N.V.;
Bandarenka H.V.; Burko A.A.; Sokolov A.V. Structure-biological activity
relationships of myeloperoxidase to effect on platelet activation // Archives
of biochemistry and biophysics. New York: Academic Press. ISSN 0003-
9861. eISSN 1096-0384. 2022, vol. 728, art. No. 109353, p. 1-12. DOL:
10.1016/j.abb.2022.109353 [IF: 3.900].

85



86

Scientific conferences:

1.

Mikalkevi¢ius, Mantas; Khinevich, Nadzeya; Tamulevi¢ius, Tomas;
Tamuleviciené, Asta. Investigation of stability of NPs nanoparticles under
different storage conditions // Open Readings 2023: 66™ international
conference for students of physics and natural sciences, April 18-21,2023,
Vilnius, Lithuania: annual abstract book / editors: M. Kersys, S. Mickus.
Vilnius: Vilnius University Press, 2023. ISBN 9786090708835. p. 220.
Peckus, Domantas; Khinevich, Nadzeya; Tamuleviiene, Asta; Henzie,
Joel; Mougin, Karine; Spangenberg, Arnaud; Tamulevi¢ius, Tomas;
Tamulevicius, Sigitas. The size, shape and crystal structure of metal
nanoparticles influence on their ultrafast plasmonic properties // 3 Baltic
biophysics conference: October 6—7, 2022, Vilnius, Lithuania: abstract
book. Vilnius: Center for Physical Sciences and Technology. 2022, O08,
p. 27.

Juodénas, Mindaugas; Mylnikov, Vasilii; Gobel, Sebastian; Kéll, Mikael;
Peckus, D.; Khinevich, N.; Henzie, J.; Tamulevicius, T.; Tamuleviciene,
A.; Tamulevicius, S. Manipulating light by plasmonic and dielectric
metasurfaces // Advanced materials and technologies: book of abstracts of
24rd international conference-school, 22-26 August 2022, Palanga,
Lithuania. Kaunas: Kaunas University of Technology. ISSN 2669-1930.
2022, p. 31.

Khinevich, Nadzeya; Peckus, Domantas; Tamuleviéiené, Asta;
Tamulevicius, Tomas; Tamulevicius, Sigitas. Size effect on crystalline
structure and dynamic optical properties of NPs nanoparticles / Advanced
materials and technologies: book of abstracts of 24" international
conference-school, 22-26 August 2022, Palanga, Lithuania. Kaunas:
Kaunas University of Technology. ISSN 2669-1930. 2022, A-P43, p. 80.
Khinevich, Nadzeya; Juodénas, Mindaugas; TamuleviCiené, Asta;
Tamulevicius, Tomas; Talaikis, Martynas; Niaura, Gediminas;
Tamulevicius, Sigitas. Surface lattice resonance in NPs nanoparticle array
for surface-enhanced Raman scattering spectroscopy // Advanced
materials and technologies: book of abstracts of 24" international
conference-school, 22-26 August 2022, Palanga, Lithuania. Kaunas:
Kaunas University of Technology. ISSN 2669-1930. 2022, B-P30, p. 66.
Juodenas, M.; Peckus, D.; Khinevich, N.; Henzie, J.; Tamulevicius, T.;
Tamuleviciene, A.; Tamulevicius, S. Plasmonic surface lattice resonance
and optomechanics for self-assembled nanolasers / META 2022: the 12%
international conference on metamaterials, photonic crystals and
plasmonics, 19-22 July, 2022, Torremolinos, Spain: proceedings / edited
by Said Zouhd. Torremolinos: META conference. ISSN 2429-1390. 2022,
p- 875-876.

Khinevich, N.; Juodénas, M.; Tamuleviciené, A.; Tamulevicius, T.;
Talaikis, M.; Niaura, G.; Tamulevi¢ius, S. NPs nanoparticle arrays for




10.

11

12.

wavelength taylored enhancement of Raman scattering // META 2022: the
12" international conference on metamaterials, photonic crystals and
plasmonics, 19-22 July, 2022, Torremolinos, Spain: proceedings / edited
by Said Zouhd. Torremolinos: META conference. ISSN 2429-1390. 2022,
p- 877-878.

Khinevich, Nadzeya; Tamulevic¢iené, Asta; Juodénas, Mindaugas;
Tamulevicius, Tomas; Tamulevicius, Sigitas. SERS-active substrates
based on NPsnanoparticle array induced surface lattice resonance // Joint
international conference Functional materials and nanotechnologies and
Nanotechnology and innovation in the Baltic Sea region, FM&NT — NIBS
2022, Riga, Latvia, July 3-6, 2022: book of abstracts / edited by L.
Grinberga, A. Sarakovskis, G. Kunakova. Riga: University of Latvia,
2022, Po-86. ISBN 9789934236457. p. 220.

Tamuleviciené, A.; JokSaité, J.; Khinevich, N.; Juodénas, M.;
Tamulevi¢ius, T.; Tamulevi¢ius, S. SERS using self-assembled nano
structures of different geometry. Special case of wires, spheres and
triangles // Joint international conference Functional materials and
nanotechnologies and Nanotechnology and innovation in the Baltic Sea
region, FM&NT — NIBS 2022, Riga, Latvia, July 3-6, 2022: book of
abstracts / edited by L. Grinberga, A. Sarakovskis, G. Kunakova. Riga:
University of Latvia, 2022, INV-23. ISBN 9789934236457. p. 84.
Tamulevicius, Tomas; Juodénas, Mindaugas; Khinevich, Nadzeya;
Klinavicius, Tomas; Tamuleviciene, Asta; Peckus, Domantas; Henzie,
Joel; Tamulevicius, Sigitas. Self-assembled metasurfaces for functional
nanophotonics // Proceedings of SPIE: SPIE OPTO: advanced fabrication
technologies for micro/nano optics and photonics XV: 22 January — 28
February 2022, San Francisco, California, United States. Bellingham,
WA: SPIE. ISSN 0277-786X. eISSN 1996-756X. 2022, vol. PC12012, p.
1.DOI: 10.1117/12.2614629.

. Khinevich, Nadzeya; Tamulevic¢ien¢, Asta; Tamulevicius, Sigitas.

Dependence of semimonodispersed NPs nanoparticles growth kinetics on
tannic acid and trisodium citrate ratio = Tanino riigsties ir trinatrio citrato
santykio jtaka pusiau monodispersiniy sidabro nanodaleliy augimo
kinetikai // 44-oji Lietuvos nacionaliné fizikos konferencija, 2021 m.
spalio 68 d., Vilnius: programa ir prane$imy tezés. Vilnius: Fiziniy ir
technologijos moksly centras, 2021, PS7. ISBN 9786099551180. p. 160.
Khinevich, Nadzeya; Juodénas, Mindaugas; Tamuleviciené, Asta;
Bandarenka, Hanna; Tamulevicius, Sigitas. Fabrication of templates for
nanoparticle deposition based on mesoporous silicon with open pores //
Advanced materials and technologies: book of abstracts of 23™
international conference-school, 23—27 August 2021, Palanga, Lithuania.
Kaunas: Kaunas University of Technology. ISSN 2669-1930. 2021, C-
P53, p. 83.

87



88

13.

14.

15.

16.

17.

18.

Khinevich, Nadzeya; Juodénas, Mindaugas; Tamulevicieneé, Asta;
Bandarenka, Hanna; Tamulevicius, Sigitas. Fabrication of the plasmonic
structure based on ‘bottle-neck’ free porous silicon with embedded
NPsnanoparticles // NIBS conference 2021: [4™ conference
Nanotechnology and innovation in the Baltic Sea region (NIBS 2021), 4—
6 August 2021, virtual conference]: technical digest. [S.1.]: Norddeutsche
Initiative Nanotechnologie Schleswig-Holstein e.V. (NINa SH). 2021,
PB12, p. 28.

Khinevich, Nadzeya; Juodenas, Mindaugas; Tamulevicius, Tomas;
Tamulevicius, Sigitas. Development of a porous silicon based guide mode
resonator as a template for SERS-application // Open readings 2021: 64
international conference for students of physics and natural sciences, 16—
19 March, Vilnius, Lithuania: abstract book / editors: S. Mickus, R.
Platakyte, S. Pukiené. Vilnius: Vilnius University Press, 2021, P2-39.
ISBN 9786090705902. p. 208.

Tamulevi¢iené, Asta; Khinevich, Nadzeya; Mikalkevi¢ius, Mantas;
Juodénas, Mindaugas; Tamulevic¢ius, Tomas; Tamulevicius, Sigitas.
Sidabro nanodariniy sintezé, jy modifikavimas ir taikymas pavirSiuje
stiprinamos ramano sklaidos jutikliams // Fiziniy ir technologijos moksly
tarpdalykiniai tyrimai: 10-0ji jaunyjy mokslininky konferencija:
prane$imy santraukos / leidinj sudaré Silva Aukstinaitiené ir Bronius
Jaskelevicius. [Vilnius]: [Lietuvos moksly akademija]. 2020, p. 26.
Khinevich, Nadzeya; Zavatsky, Sergey; Bandarenka, Hanna;
Tamulevicius, Sigitas; Bondarenko, Vitaly. New features of mesoporous
silicon structure // Advanced materials and technologies: book of abstracts
of 22" international conference — school, 24-28 August 2020, Palanga,
Lithuania. Kaunas: Kaunas University of Technology. ISSN 1822-7759.
2020, A-P34, p. 59.

Khinevich, Nadzeya; Bandarenka, Hanna; Zavatski, Sergey;
Tamulevicius, Sigitas. NPs nanoparticles and nanoplates on porous silicon
for SERS applications = Sidabro nanodalelés ir nanoplokstelés ant
porétojo silicio SERS taikymams // 43-ioji Lietuvos nacionaliné fizikos
konferencija, 2019 m. spalio 3-5 d., Kaunas: pranesimy medziaga.
Kaunas: Kauno  technologijos  universitetas, 2019. eISBN
9786090216385. p. 157. DOI: 10.5755/e01.9786090216385.

Khinevich, Nadzeya; Tamulevi¢ius, Sigitas; TamuleviCiené, Asta;
Bandarenka, Hanna; Zavatski, Sergey. New approach to fabrication of
SERS-active substrates based on colloidal nanoparticles: poster //
Advanced materials and technologies: book of abstracts of 21
international conference — school, 19-23 August 2019, Palanga, Lithuania.
Kaunas: Kaunas University of Technology. ISSN 1822-7759. 2019, P23,
p. 55.




COPIES OF THE PUBLICATIONS

Paper I: Porous silicon — A Versatile Platform for Mass-Production of
Ultrasensitive SERS-Active Substrates

Nadzeya Khinevich, Hanna Bandarenka, Siarhei Zavatski, Kseniya Girel,
Asta Tamulevic¢iené, Tomas Tamulevicius, Sigitas Tamulevicius

Microporous and Mesoporous Materials 323 (2021) 111204

&9



Microporous and Mesoporous Materials 323 (2021) 111204

Contents lists available at ScienceDirect

Microporous and Mesoporous Materials

ELSEVIER

journal homepage: www.elsevier.com/locate/micromeso

L)
Porous silicon - A versatile platform for mass-production of ultrasensitive =
SERS-active substrates

b,e,d,

, Siarhei Zavatski "“, Kseniya Girel e

a,f

Nadzeya Khinevich® , Hanna Bandarenka

e . a

Asta Tamuleviciené ’, Tomas Tamulevicius *', Sigitas Tamulevi¢ius

 Institute of Materials Science, Kaunas Uni: of Te 59 K. St., 51423, Kaunas, Lithuania

® Applied Laboratory, State University of ics and onics, 6 Brovka St., 220013, Minsk, Belarus

© The Polytechnic School, Ira A. Fulton Schools of Engineering, Arizona State University, 6075 S. Innovation Way W., Mesa, AZ, 85212, USA

9 Institute of Advanced Materials and Technologies, National University of Electronic Technology, 1 Shokin Sq., Zelenograd, Moscow, 124498, Russia
© Swiss Federal Institute of Technology Lausanne, 11 Station St., CH-1015, Lausanne, Switzerland

f Department of Physics, Kaunas University of Technology, Studenty; St. 50, Kaunas, 51368, Lithuania

ARTICLE INFO ABSTRACT

Keywords: Surface-enhanced Raman scattering (SERS) spectroscopy is one of the most ive methods
SERS state-of-the-art nanomaterials and optical techniques for highly sensitive express-analysis and detection of
Porous silicon organic and bioorganic objects in liquids and gases. Special programs have been recently started all over the
Plasmonic nanoparticles R st S A e 3 = "
TR e world to bring the SERS-spectroscopy closer to wide in medical ics, forensics, security,
Biasy stauctures monitoring sanitary conditions, etc. Despite outstanding features of SERS-spectroscopy, its effective practical use
Commercial SERS-Active substrates has been particularly slowed down by mod producibility, tility, and restrictions imposed by
commercially available SERS-active substrates to measurement and storage regimes. The present review reports
SERS-active substrates constituted by noble metals’ nanoparticles (NPs) and porous silicon (PS), which poten-
tially can be a tool to overcome the above-mentioned limitations. The PS template acts as a highly ordered host
nanomaterial for the formation of a variety of metallic nanostructures, which morphological and optical prop-
erties can be easily tuned for the best performance to meet the requi via ing PS synthesi
regimes. An indubitable ad ge of PS is the ¢ ibility of its fabrication process with basic microelectronics
operations and micro-electromechanical systems (MEMS) that make it possible to integrate SERS-active areas in a
silicon chip. In contrast to the previously published reviews in the field, this one covers the most recent results on
formation, characterization, and application of PS-based substrates demonstrating prominent SERS-activity that
have been achieved for the last decade including modifications with graphene or Bragg structures, detection of
molecules at amount down to attomolar concentration, bacteria recognition, etc.

1. Introduction to increase the SERS-activity of the substrates, and show the freshest

applications of metalized PS for detection of different biomolecules and

Several reviews on the surface-enhanced Raman scattering (SERS)
provided by metalized silicon nanostructures have already been pub-
lished, where main methods of fabrication, properties, and applications
of such nanomaterials can be found [1,2]. In the present work infor-
mation on the recent progress of the SERS-active substrates based on
porous silicon (PS) as well as some original results in the field achieved
by the authors are reported. Here we concentrate on the most popular
and effective methods of noble metal deposition on PS, new approaches

determination of their structure by SERS-spectroscopy. Moreover, the
mechanism of increasing the SERS-activity of the PS-based substrates
facilitated by their morphology is deeply considered, as lately such
structures demonstrated an enormous Raman signal enhancement.
Since the very beginning of its discovery, SERS-spectroscopy has
been considered as a highly sensitive method for label-free molecule
detection that can be carried out with miniaturized nanostructured
SERS-active substrates and both stationary and portable spectrometers.
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An interest in SERS-spectroscopy has increased almost threefold over the
last decade as depicted in Fig. 1.

The SERS technique finds a place in a wide range of applications
including but not limited to forensic science [3], bioanalytical chemistry
[4,5], food quality control [6], pharmacy [7], and biomedicine [8].
Recently, a great number of various SERS-active substrates for the sin-
gle- or multianalyte study have been developed. A SERS-active substrate
is usually comprised of plasmonic metal nanostructures (e. g., Au, Ag,
Cu) because the surface plasmon resonance (SPR), which amplifies the
characteristic Raman signal of the analyte(s), arises from collective os-
cillations of free electrons in them [9,10]. The nanostructures, which
facilitate an enhancement of the Raman signal from the molecules
adsorbed on their surface, can be divided into two groups:

(i) liquid substrates — colloidal solutions of metallic NPs (MeNPs);
(ii) solid substrates — metallic nanostructures immobilized on a sur-
face of the solid plates, membranes, etc.

In general, plasmonic NPs of metals in liquid solutions can be syn-
thesized by chemical or physical methods. In the first case, a reduction of
metal ions in presence of reducing and stabilizing agents and formation
of MeNPs (silver and gold are the most popular, while palladium, plat-
inum, and copper are also used in some cases) in solutions is used.
Variation of the r bles the growth of the NPs of
different shapes such as spheres, triangles, nanorods, nanoplates, sun-
flowers, nanocubes, and nanostars (Fig. 2). The diameters of spheres,
edges of the cubes, and triangles can be managed in a wide range using
different concentrations (or molar ratios) of components, temperature,
and time of the synthesis process. The second approach is often associ-
ated with the formation of NPs by laser ablation of bulk metals and
metallic ions formation on solid substrate initiated thermal or photo-
reduction processes [11-14]. The formation of NPs in absence of any
reagent in a solution appears to be one of the main advantages of laser
ablation. Ablation efficiency and characteristics of the produced NPs
depend on many technological parameters, including the wavelength of
laser impinging the metallic target, duration of the laser pulses (in the
femto-, pico- and nanosecond regime), duration of ablation, effective
liquid medium, etc. Although the diversity of NPs’ shape is limited, the
laser ablation showed efficiency in the photothermal reshaping of NPs
[15,16].

In practical terms, solid bases for the ordered assembling of MeNPs,
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which provide good SERS-signal uniformity across a large area of a
substrate surface, are more attractive in comparison with the colloidal
solutions. During the last decade, a wide choice of the solid SERS-active
substrates based on paper, polymers (polydimethylsiloxane (PDMS)
[20], polystyrene — polyisoprene -polystyrene (SIS) [21]), plants [22],
fibres [23], dielectrics (glass [24], porous aluminium oxide [25]) and
semiconductors (Ge and Si-based templates [26]) have been described in
the literature (Fig. 3). Despite the popularity of immobilization of
plasmonic NPs on cheap paper and polymer substrates, they can be
hardly implemented in practice due to their fast degradability. Therefore
the dielectric and semiconducting templates have been also widely
studied as they provide a greater contribution to the Raman signal
enhancement and longer shelf-life. For example, ordered silicon nano-
structures (e.g., silicon nanowires, porous silicon (PS), etc.) templates
are the second most used after the paper ones.

In particular, interest in silicon nanostructures, especially in PS, has
appeared due to its effective photoluminescence that is not typical for
bulk silicon [27]. This had launched an era of intensive study of the
silicon nanostructures, which resulted in the discovery of many unique
properties of this porous material such as electroluminescence [28],
biocompatibility [29], and biodegradability [30]. Considering the PS
structural characteristics, this material with an extremely developed
surface area can have a well-ordered Si skel and can be pr d
not only as a layer fixed on a crystalline Si wafer but also as a free PS
membrane or powders of the PS particles. Currently, the PS structures
are applied in different fields starting with microelectronics and fin-
ishing with biosensing and drug delivery [31]. The production of this
material is relatively simple and cost-effective. Several companies
providing large-scale production of different PS materials for a variety of
applications have already been set up on the international market
[https://www.poroussilicon.com/; www.silicon-membranes.com ].

Photonic structures based on the PS have been implemented in bio-
sensing [32]. The PS has also shown phenomenal effectiveness for ex
vivo and in vivo cancer ing by photol ence spectroscopy
[33]. Since 2003, different morphological types of the PS with or
without additional surface chemical modification have been used as
templates for the design of noble metal nanostructures that are suc-
cessfully applied in the SERS-spectroscopy [34].

In the process of developing new SERS-active substrates, the re-
searchers have pursued the goal of increasing their efficiency through
optimization of their generally accepted parameters: enhancement fac-
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Fig. 1. The number of publications per year related to SERS-spectroscopy (blue charts) and PS-based SERS active substrates (red charts) (analysis was done by the
authors using Google scholar database; the date of access — May 12, 2021). (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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e

Fig. 2. Chemically synthesized MeNPs: (a) SEM image of silver nanocubes [17]; (b) TEM image of gold nanodipyramids [18]; (c) TEM image of Ag/Au nano-
shells [19].

Other semiconducting substrates

14% Nano?t.ructured
silicon
Porous alumina oxide 22%
4%
Fabrics 4%

Polymers
15%

Paper
24%

Fig. 3. Pie chart of the most useable solid templates in the SERS-spectroscopy for the last decade (analysis was done by the authors using Google scholar database;
the date of access — May 12, 2021).

Fig. 4. SEM images of nanostructured silicon: (a) meso-PS silicon microparticles with 6 nm pore diameter [37]; (b) well-defined Si nanowire arrays synthesized via
gas-phase etching [38]; (c) sponge-like micro-PS structure [39]; (d) cluster of monodisperse 600 nm x 200 nm discoidal PS particles with 30 nm pores [40]; (e)
cross-sectional view of macro-PS with smoothed channels [41]; (f) cross-sectional view of meso-PS with branched channels (provided by the authors).
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tor (EF) and detection limit (DL). The EF must be as high as possible and
classically is calculated according to the following formula [35]:

EF— Isrs/ Csers

" Taman/ Craman

(e8]

where Craman and Csgrs are the molecule concentrations in the Raman
and SERS measurements; Irgman and Isgrs are the normalized intensity
values of the detected molecule characteristic band for the Raman and
SERS measurements.

The DL can be defined as the smallest number of molecules (or their
concentration) in a solution they are adsorbed from, which could be
possible to detect and distinguish from baseline.

Since the SERS-active substrates based on the PS have recently
shown outstanding performances (e.g. the DL can reach 10 18 M [36],
the shelf life — up to 3 years [2]), there is a demand for a permanent
renewal of the current data on its formation methods, properties, and
further utilization as a for the p ion of pl ic metal
nanostructures and a subsequent application for the SERS analysis,
which are presented below.

2. Properties and fabrication of porous silicon
2.1. Properties of porous silicon

There are different kinds of nanostructured silicon layers and parti-
cles constituted by silicon nanowire ensembles, nanoporous silicon
sponges, porous silicon nanoplates, quasi-ordered arrays of branched or
smoothed nano- and micropore channels in silicon that have already
found their application in the SERS-based biosensing (Fig. 4). However,
apart from the description of the PS morphology by the shape of the
pores and silicon nanocrystallites between them, this porous material is
classified depending on its pore size.

It is generally accepted that porous silicon characterized by pore
diameters in a range of 2-50 nm is called meso-PS. If the pore diameter is
less than 2 nm or wider than 50 nm it is called micro-PS and macro-PS,
respectively. In dependence on the type of initial silicon wafer, its
conductivity (or resistivity), various morphologies, and different verti-
cal ordered pore dimensions can be produced.

Furthermore, the crystallographic orientation of the initial silicon
can contribute to the pores’ growth direction. Varying a pores’
morphology one can control the structural, mechanical, optical, elec-
trical, and other properties of the PS that differ from those of the solid
crystalline silicon [42]. All the PS types are characterized by high spe-
cific surface area. Apart from an extremely developed morphology, the
PS is unique due to enrichment with surface states (e.g., broken Si bonds,
Tamm states), which cause chemical activity of this material. The PS is
also characterized by a void fraction per unit volume or, so-called
porosity. The porosity directly relates to the pore volume of a porous
material and its void content per unit weight (cm3/g). This parameter
plays an important role in many applications such as drug delivery
(where it is necessary to set the maximum drug “payload” that can be
delivered) and can vary from 1% to 97% depending on the PS formation
method [43].

Due to tunable properties and surface chemical composition, pro-
vided by changing structural parameters that can be controlled by the
appropriately chosen type of silicon and following fabrication process,
the PS has found applications in biosensing [44], MEMS [45], micro-
electronics [46], catalysis [47], solar cells [48], optoelectronic and
photonic devices [49], etc. Micro-PS is characterized by extremely high
surface area (540-840 mz/g) and has advantages over meso- and mac-
ro-PS for some applications. On the other hand, the poor mechanical
strength of such a type of PS makes it difficult to use it as a template for
the SERS-active substrates [2]. Consequently, the PS fabrication
methods that are considered below include those resulting in the meso-
and macro-PS.

Microporous and Mesoporous Materials 323 (2021) 111204
2.2. Fabrication of porous silicon

Since the PS discovery over forty fabrication methods have been
developed [50]. Two approaches (bottom-up and top-down) can be
distinguished in the variety of nanostructures’ synthesis techniques. The
bottom-up ones consider the formation of the porous material by
assembling the crystalline silicon clusters leaving a free space between
them. This method is usually applied to produce a powder of the PS
particles and can be carried out by magnetron sputtering [51], glancing
angle deposition [52], laser-induced silane decomposition [53], or a
combination of vapour deposition of multi-component alloy followed by
dealloying [54]. The formation of well-defined porous structures via
conventional bottom-up methods is complicated due to the fast oxida-
tion and hydration of the silicon precursors. The top-down approach
relies on the removal of silicon clusters from poly- or monocrystalline
silicon wafers in a specific chemical environment (gaseous or liquid)
that leads to the etching of voids and subsequent formation of a porous
structure. This method is the most popular and can occur via chemical
etching of bulk silicon with metal [55], photoelectrochemical etching
[56-58], metal-assisted chemical etching [59], electrochemical etching
(anodization) [60], laser-assisted etching process [61], deep reactive ion
etching ultraviolet (DRIE-UV) lithography [62], etc. Thermal reduction
of the porous silica particles in presence of magnesium or aluminium can
be also considered as the top-down method [63].

2.2.1. Electroch 1 etching (anodization)

The electrochemical etching is based on the removal of silicon
clusters from the bulk silicon substrate in a solution containing hydro-
chloric acid (HF) as the main component. The etching of silicon atoms
from the substrate occurs in presence of negatively charged fluorine ions
and at applied external voltage. The silicon surface becomes more
electrophilically charged, which provides an attack by F~ atoms. After
four nucleophilic attacks, the generated SiF4 reacts with two fluorides to
form SiF?,‘, which is a stable form in an aqueous electrolyte solution.
These consecutive reactions partially remove the silicon atoms on the
wafer surface, resulting in pore generation.

For the electrochemical etching, control of pore size and depth of
porous layer can be provided by adjusting current density, time of
anodization process, and concentration of HF acid in the electrolyte
solution. The crystalline orientation, type and density of dopants, pH
level, and temperature contribute to the morphology and formation
speed of pores.

Chemical reactions describing the process can be presented as
following [64]:

Si+2HF-+Ah "> S$iFy+2H +(2—A)e™ (2)
SiFy+2HF—SiF,+H, (3)
SiF4+2 HF—H,SiFg (4)

where h" is the hole, e is the electron, and 1 is the number of charges
exchanged.

Usually, the meso-PS can be created by anodization of highly-doped
silicon of both n- and p-type conductivities and appear as vertical cyl-
inders with a branched surface of silicon walls. Its porosity can reach
95% [31].

For the macro-PS formation, lightly doped silicon of both n- and p-
type conductivities can be used, and a value of porosity barely reaches
20%. Pores of the macro-PS often have a cylindrical shape with a
diameter of about several microns. As a rule, the surface of the macro-PS
is usually covered with a thin layer of the micro-PS [65]. In the case of
the n-type silicon wafer, generation of holes (h*) is necessary, as it has a
low hole density. To overcome such a limitation, the backside illumi-
nation is used as an external hole source [66]. Fig. 5 illustrates the most
common ways of obtaining the different dimensions of pores fabricated
by electrochemical etching depending on the most important
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Fig. 5. (a) Electrochemical cell with Teflon mask [67]; (b) Bird's eye view of an etched sample with 2 ym interpore distance and cross section of a single modulated
pore [68]; (c) top view and cross section view of the macroporous film [41]; (d) general phase diagram of pores [31].

parameters: HF concentration, doping level, and current density [31].

It should be mentioned that ethanol is typically added to the elec-
trolyte during the anodic etching to reduce hydrogen bubble formation,
improve pore wettability, and minimize strains in the resulting porous
layer.

Changing the current density during the anodization process makes
it possible to form a periodic structure of distinctive alternating the PS
layers that could be called Bragg's reflectors [69].

2.2.2. Metal-assisted chemical etching (MACE)
Metal-assisted chemical etching (MACE) is the other popular for-
mation method for the PS with porosity up to 90%, which advantage is

an absence of the external voltage supply [70]. The MACE is a kind of
self-catalytic silicon etching process based on local simultaneous
oxidation-reduction and etching reactions providing the pores’ forma-
tion (Fig. 6¢-f). In this etching process, metal nanostructures are
deposited on the silicon wafer surface and oxidized under the oxidizer
reagent treatment. The generated holes injected from the metal into the
Si substrate provide local substrate oxidation that is followed by the Si
dissolution in presence of HF.

Chemical reactions of these processes can be divided into two types
of reaction: (i) the cathode reaction, where metal plays a cathode role,
and (ii) the anode reaction, where the Si atoms in the wafer act as an
anode [71]:
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Fig. 6. (a) Schematic representing the MACE reaction at an isolated noble metal particle on flat silicon in a solution of HF/H»0, and (b) schematic diagrams

ill affecting the

py and etch rate in MACE [72]; (c—f) schematic showing the main steps of MACE process flow in the fabrication of Si

nanoholes array: (c) array of a gold structure on flat silicon, (d) MACE to form silicon nanoholes array, (e) and (f) corresponding SEM pictures (scale bars are 500 nm)
[73]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Cathode reaction H,0; + 2H™ — 2H,0 + 2h™ 5)
2H™ + 2¢~ - Hjt (6)
Anode reaction Si + 4h" + 4HF — SiF, + 4H" 7)
SiF4 + 2HF — H)SiFg (8)
Overall reaction Si + H20; 4+ 6HF — ;H>0 + H>SiFs + Hot 9

According to this reaction mechanism, H,O, reacts with the metal
nanostructure, and the formed holes (h™) are injected at the metal/Si
interface via diffusion into the Si valence band (Fig. 6a).

The etching rate is an important parameter in the MACE that in-
fluences not only the depth of the etched layer but also implies the
morphology of the final structure. Fig. 6b presents the parameters
affecting the rate and direction of the etching. For ple, an i
in the etching rate induces a switch from the etching in the <100> di-
rection to other directions, for the substrates having (100), (110), and
(111) orientations. The etching rate usually depends on the [HF]/
[oxidizer] ratio, where the role of the oxidizer is usually ascribed to the
hydrogen peroxide (H203), nitrogen acid (HNO3), or metal salt (Mn™).
AgNO3, HAuCly, KauCly, FeCl; can also be used as metal oxidizer [70].

In the MACE process, the noble metal nanostructures such as
discontinuous films, dendrites, or NPs dep d by electroch 1 and
electroless techniques, sputtering and evaporating methods can be used
for the PS formation. Usually, for the fabrication of holes in silicon,
noble metal NPs are used and an increase of their size may lead to the
silicon nanowires fabrication instead of holes [74]. The electrical
properties of the initial silicon wafer affect the shape of the vertical hole
structure [70,75].

The MACE can promote the formation of the meso-PS with the
smallest achieved hole diameter of 10 nm [76] and the macro-PS with
pore size about several micrometres with the depth of holes up to 150
pm. Conducting the MACE after noble metal evaporation or combination
with a particle-based patterning [77] can lead to highly ordered pores
fabrication and deep, patterned, anisotropic, high-aspect-ratio silicon
etching.

After the wet etching of silicon in the solutions based on the HF acid,
the pore walls are coated with the dangling bonds or surface states
which are passivated with hydrogen and fluorine ions. Freshly prepared
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PS contains SiHy and SiFy bonds. The air-storage leads to the PS oxida-
tion and the formation of the Si-OH and Si-O-Si groups [78].

2.2.3. Dry etching

More accurate control of the pore size and their arrangement could
be achieved by dry etching of silicon wafers. For example, DRIE - UV
lith hy [62] or 1 d plasma etching [79] provide
high-aspect-ratio pore formation (Fig. 7). However, the minimal reso-
lution of porous structures is determined by the technique used. Usually,
the dry etching is utilized for the macro-PS formation with the pore di-
ameters about several micrometres and often these structures find
application for biosensing or capacitors design because the PS
morphology provides effective pore insulation. Nonetheless, photoli-
thography can be combined with the anodization process [80] for pro-
ducing the highly ordered macro-PS structure. In this case, the Si wafer is
pre-patterned by photolithography and then etched in KOH followed by
electrochemical etching. Etching in KOH is necessary to define the
nucleation spots of pores.

3. Deposition of silver and gold nanostructures on porous
silicon

The PS has been used as a template having developed active surface
area and controllable morphology that can be easily produced and used
for the formation of metallic nanostructures. Several technically simple
methods of covering the PS by metals based on adsorption of NPs from
colloidal solutions, wet deposition from the metal salt solution, or by
using vacuum techniques have been reported [84-88].

Toidal <ol

3.1. Deposition of metallic particles from

Considering the NPs deposition from colloidal solutions, two ap-
proaches that have been mostly used to fabricate NPs on top of PS sur-
face should be mentioned: (i) in situ reduction of a metal salt solution by
ultrafast laser ablation in liquids for the growth of NPs directly on a
target surface [89] or (ii) self-assembling of previously synthesized NPs
on a target substrate [84].

The self-assemble deposition is the most promising method because
the NPs properties such as shape, size, and coating density can be easily

Fig. 7. (a) Schematics of the principle of the DRIE process: (1) the initial state, (2) the first etching process, (3) the upcoming passivation, (4) the second etching
process [81]; (b) Profile changes with passivation contents (C4Fs) balanced with SF in DRIE silicon etching, 1 - 0% C4Fs, 2-10% C4Fg, 3-20% C4Fs, 4-30% C4Fs [52];
(c) Black Silicon fabricated by RIE [83]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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tuned during their synthesis before assembling. Usually, non-covalent
chemistry takes part in the particles caption by surface, namely by
electrostatic interaction between a charged surface (that can be modi-
fied by polyelectrolytes) and the charged NPs [90]. Langmuir-Schaefer,
Langmuir-Blodgett, Layer-by-Layer (LbL) deposition are applied for
producing a nano assembly covering the PS surface [91]. Spatially
homogenously spread NPs create the number of “hot spots” that provide
uniform distribution of the SERS signal from target molecules. “Hot
Spot” is a tiny gap between the MeNPs where superimposed electro-
magnetic fields are observed.

Nonetheless, the immersion of the silanized PS substrates into the
colloidal solution leads to the slow NPs aggregation onto the surface and
appears as the simplest method of metal deposition [84,86,92]. Fig. 8
shows the differences in the deposition of gold NPs on macro-PS by LbL
and substrate immersion in colloid solution techniques. The LbL tech-
nique provides a uniform monolayer of MeNPs over the PS surface un-
like the immersion approach, which forms big clusters of the MeNPs.

Since naked MeNPs are unstable in organic solvents, some form of
stabilizer is required to prevent their aggregation during (or after) the
synthesis process. Moreover, the vibrational fingerprinting of the target
molecules may be hampered by the overlapping with the Raman signals
from the organic functionalized group. Additionally, the presence of
functional end groups can have a profound influence on the physico-
chemical properties of the MeNPs and can influence the specific
adsorption of the target molecules during the preparation of the sub-
strates for the SERS analysis.

Often the freshly prepared PS is oxidized (thermally or in H203 so-
lution), to stabilize its surface with silicon dioxide and impart a negative
charge to the PS surface [93].

3.2. Sp (i ion) dep

Immersion or spontaneous deposition in presence of a reduction
material surface is the most popular method used for the fabrication of
metallic nanostructures on the external and internal surfaces of the PS
[67,94] including the nano-PS pillar arrays [88], PS disks [95], etc.
Therefore this deposition approach deserves a detailed consideration in
the framework of the present review. An advantage of the immersion
deposition is its simplicity. This process is self-induced and does not
require any energy supply or use of vacuum technologies.

The PS possesses an active surface characterized by weak Si-H, Si-O,
Si-OH bonds, and dangling Si bonds that can be easily oxidized. This
feature can be used to reduce metallic ions to an atomic form on the top
of and/or inside the PS from metal salt aqueous solution without specific
reagents, which is required while ordinary chemical synthesis. In this
case, the PS may act not only as mechanical support for the formation of
the nanostructured films but also as a reducing agent. The formation
process of the metallic nanostructures proceeds via a redox reaction
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between the substrate atoms and the metal jons in a solution. Immersion
of the PS, which behaves as a source of electrons, in an aqueous solution
containing metal ions (Me") leads to spontaneous metal cations reduc-
tion to atomic form by capturing electrons through the dangling bonds
of the PS layer and to subsequent nucleation of metallic grains. The Si
oxidation is the counter-reaction of Me " ion reduction and is usually
observed during immersion plating of noble metals on the PS surface. Its
redox process is given by the following equations [96]:

2Sigurfy + H20 = Si—O-Sigurty + 2H" (uq) + 2¢ (10)
2Si-Hsur) + H20 = Si-O-Si(surn) + 4H (4q) + 4~ (11)
Me"(uq) + € — Megurn (12)

In terms of immersion deposition of the specific metals, it is

11

to review experi 1 results with silver, which is known as
the strongest plasmonic substance. XPS spectra of the PS/Ag confirm the
formation of the atomic silver by related peaks, appearing at 368.5 and
374.5 eV, which correspond to Ag3ds,, and Ag3ds,,, respectively. Two
peaks were also detected at 99.4 eV (assigned to Si% and 103.0 eV
(assigned to SiO5) justifying that the process of the silver ions’ reduction
is accompanied by the PS oxidation [97].

The immersion deposition process of metals on the PS has been
studied by several research groups and a variety of morphological forms
of metallic objects have been grown on the porous template (Fig. 9):
polydispersive NPs [98], quasi-continuous layer [99]; highly branched
dendrites [100]; nanovoids [101], nanothorns [102] and nanorods [60].

The immersion of the Si-based template into a metal ions solution
leads to the spontaneous metal reduction that starts from the grains’
nucleation across the whole surface of the porous substrate. An initial
morphology of the grains negligibly depends on the PS structure, Si
conductivity, or metal ion concentration in a solution and temperature.
Certainly, these parameters influence the further formation of the
metallic structures and have been already analyzed [2]. In this review,
we would like to elucidate how the rate of the electron transfer from the
volume to the surface of the PS affects the formation of metallic
nanostructures.

In the considered process, the metallic structures deposited on the
flat silicon surface have a morphology defined by the NPs with an almost
perfect spherical shape (Fig. 9a and b). During prolonged exposure of the
PS in aqueous solutions of metal ions, a continuous layer of silicon di-
oxide is formed on the surface, which prevents the direct interaction of
ions from the solution and Si atoms, and finally leads to halting the metal
reduction. In contrast to the bulk silicon, the developed PS surface is
characterized by a high number of electrons on the surface and provides
faster metal reduction. This ensures a higher density of the MeNPs, their
wider distribution in diameter (related to the growth feature, as
described earlier [103]), and the possibility of coalescence into

Fig. 8. SEM images of the PS decorated with gold NPs (a) via LbL nano-assembling of a positively charged polyelectrolyte and negatively charged citrate-capped gold

NPs (GNPs) [91] and (b) by i ion of sub into
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continuous film or large aggregates (Fig. 9¢, d).

The presence of HF in the solution for metal deposition provides
dissolution of the silicon dioxide and promotes the formation of the
metallic nanostructures, producing a higher rate of electron transfer to
the surface. The difference between the metal and silicon electronega-
tivity is a driving force for the fast metal deposition on the silicon sur-
face. The initially formed NPs grow isotropically at the beginning of the
deposition process, penetrating in the silicon, displacing it, and covering
all the surface. Due to the rapid growth and limited space, the particles
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Fig. 9. SEM images of metallic structures formed by
immersion deposition: (a, b) silver NPs deposited on
monocrystalline silicon for 1 and 10 min, respectively
(provided by authors); (c, d) silver NPs deposited on
the meso-PS for 15 and 180 min, respectively [103];
(e, f) monocrystalline Si after silver deposition from
solution with NH4F for 5 and 60 min, respectively
[100]; (g) meso-PS after gold deposition [60]; (h)
macro-PS after electrochemical deposition of contin-
uous Ni film and following immersion deposition of
Ag NPs [105).

then grow anisotropically, forming two layers of the metallic structures:
NPs at the bottom of the whole metallic layer and dendrites or nanotorns
in the top area (Fig. 9e and f) [100].

The rate of the metal ions reduction can be controlled by the con-
centration of reagents (HF and metal ions) in the solution and also by the
variable PS porosity [104].

As an example, varying the depth of the PS layer one can control the
rate of electrons transfer and, as the result, the metal morphology can be
tuned.
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Other external factors like an additional treatment by ultrasonication
acceleration of the diffusion processes and enhancement of the mobility
of the metal ions lead to deeper penetration of metal ions in the pores
with the following reduction and metal nanorods formation (Fig. 9g)
[60].

The immersion deposition technique provides metallic nano-
structures with variable morphology that is characterized by specific
plasmonic properties. It is known that the monodisperse MeNPs are
characterized by only one transverse electromagnetic mode. But in the
case of the polydispersed NPs obtained by an immersion deposition
method, the sum of oscillation frequencies lays in a large region of the
visible and near-infrared (NIR) ranges. This makes such nanostructures
applicable for the SERS measurements under different excitation
wavelengths [106]. The elongated structures (e.g., nanorods or den-
drites) have two electromagnetics modes: transverse and longitudinal.
The characteristic frequencies of such oscillations depend on the
geometrical parameters of nanostructures and make them suitable for a
wider range of excitation wavelengths, expanding in the NIR region
[107].

3.3. Electrodeposition

Electrochemical deposition is a less popular but efficient method to
produce metallic nanostructures on the PS surface. The method enables
a decrease of the deposition time, avoiding chemical reductants or ox-
idants, surface activators that can cause undesired by-products, and
gives an improved metal adhesion. Nonetheless, the electrochemical
deposition provides the formation of the NPs and dendritic structures
(Fig. 10b-f) [108-110]. The electrochemical deposition differs by its
high efficiency of metal nanowires formation into pores with followed
extrication (Fig. 10a) [111,112].

3.4. Vacuum methods

Vacuum deposition methods are usually applied for the formation of
gold thin layers (rarely silver) on the external surface of the PS (see
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Fig. 11) [55]. For example, the influence of the thickness of gold
nanofilms produced by the vapour deposition and depth of the PS has
been studied, and the possibilities of the combination of these two pa-
rameters to achieve higher SERS-activity have been reported [59]. The
effect of annealing on the morphology and SERS-activity of the metal
layer have been examined. It has been shown that firstly, the annealing
helps to solve the adhesion issues when metal-covered PS samples are
immersed into an aqueous medium. Secondly, the annealing stimulates
the formation of quasiperiodic metallic nanoisland arrays, which
contribute to better SERS-intensity repeatability and enhancement. It
has also been shown that the roughness of the PS surface increases the
in-h geneity of metal nar distribution, which occurs due to
the greater amount of grain nucleation centres on the surface [113]. The
in-homogeneity causes the appearance of “hot spots”, improving the
SERS-activity of the substrates. Nevertheless, the SERS-active substrates
with metal covering, produced by vacuum methods of deposition with
followed annealing, demonstrate a presentable SERS-activity for detec-
tion of organic molecules [114], albeit the metal morphology still stays
limited.

4. Optimization of SERS-active substrates based on porous
silicon

An improvement of the SERS-activity can be achieved by selection of
the proper structural parameters of the template (e.g. periodic gratings
[115-117], ring coupling metallic geometry [118]) or plasmonic NPs (e.
g. combination of different metals [19,119,120] and their special
arrangement [117]).

4.1. Porosity adjustment

In the case of the PS, a great increase of the SERS signal from the
Rhodamine 6G (R6G) molecules adsorbed on the meso-PS/AgNPs sub-
strate has been achieved through an adjustment of porosity [104]. To
investigate the PS contribution to the Raman enhancement and the
localized electromagnetic field distribution on the silver-coated

Fig. 10. SEM images of (a) Au nanorods in porous silicon matrix (inset top view) [111]; (b, ¢) GNPs on PS [109], (d) silver dendrites made by electroplating [110];

(e, f) silver NPs (AgNPs) on PS [109].
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Fig. 11. (a, b) SEM image with different magnifications of 3D PS/Au architecture through sputtering Au film onto the 3D PS (sputtering time: 600 s) [55].
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Fig. 12. Raman spectra of p- hiophenol (PATP) molecules adsorbed on

the AgNPs coated (a) monocrystalline Si and (b) PS [115].
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Fig. 13. Schemes (side views) and finite-difference time-domain (FDTD) sim-
ulations on the AgNPs coated (a, ¢) monocrystalline silicon and (b, d) PS.
Dashed circles in (d) indicate the positions of silicon pores [115]. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

monocrystalline Si (flat) and the PS, the numerical simulation has been
made (Figs. 12 and 13) [115]. It has been shown that the electromag-
netic field is nearly 5 times stronger for the AgNPs/PS structure in
contrast to the AgNPs/Si, but the exact mechanism of the PS influence on
the Raman enhancement is still unclear.

It should be h d that during i ion metal deposition
(which has been described above) on the PS some small NPs grow in
pores and a huge specific surface area of the PS can improve the pre-
cipitation amount of R6G molecules in excitation volume, thus
improving the SERS-spectroscopy sensitivity [121]. The excitation vol-
ume is the tiny focal volume, where molecules are exposed by the laser
and can be calculated using Abby's equation [115]:

V=nd’d. 13)
i
oy =5 1
% =5Na 4
2
d=25 as)

where dyy — the spot size in xy direction; d; - in z direction, NA — the
numerical aperture, A — excitation wavelength.

However, it was reported that an improvement of the SERS activity
relates to an increase in the porosity caused by the pore widening. This
trend leads to rising number of the MeNPs located on the pore edges due
to the better metal infiltration while its deposition. In addition, the pore
widening provides a higher surface area for analyte molecule exposure,
and consequently, the SERS signal intensity increases [121].

Concerning the pores’ depth contribution to the SERS amplification,
significant changes in the intensity of the SERS signal were not reported,
except when the MeNPs are located on the bottom of the pore, forming
“hot-spots”. In this case, the intensity of the Raman signal stays stable
when the depth is up to 450 nm. The further deepening results in a
decrease of the SERS-activity that occurs as the Raman photons are
trapped by the pores [115].

4.2. Modification of the porous silicon surface

Additional treatment of the PS surface is a way to manage the
morphology of the further depositing plasmonic nanostructures pursu-
ing goals of (i) new DL records, (ii) tuning position, intensity, and width
of the SPR band, (iii) increasing the stability of metallic nanoobjects to
oxidation, and so on. For instance, slight plasma etching of the macro-PS
provided denser the 3D plasmonic coating of the silver dendrites grown
on the plasma-treated external porous surface via immersion deposition
[36]. Multiple crossing dendritic branches appeared to be a source of
extremely effective ‘hot spots”, which facilitated a rather fast finding
and identification of the single 2-nitro-5-thiobenzoic acid (TNB) mole-
cule on their surface. In more detail, the TNB/S,
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Fig. 14. SERS-imaging of the DTNB/TNB and TNB adsorbed on the silver dendrites on PS from DTNB solutions of (a) 10 12 M, (b) 10 7'® M, and ()10 '®* M

concentrations. SERS-intensity was measured at the 1335 cm ' band [36].

5’-dithio-bis-(2-nitrobenzoic acid) (DTNB) molecules adsorbed on the
3D dendritic film on the plasma etched macro-PS from the 101210718
M DTNB solutions were detected and studied (Fig. 14).

4.3. Combination of porous silicon and Bragg’s structures

A PS-based Bragg reflector (Bragg PS) represents a structure formed
by multiple PS layers with different porosity, which correspond to
different refractive indices [122,123]. Such layers act as a high-quality
reflector with a characteristic photonic bandgap. The bandgap range,
intensity, and position of the maximum reflectance on the wavelength
scale can be set by changing the thickness and porosity of the layers.
Often, the Bragg PS is fabricated by the electrochemical anodization and
consists of 12-15 PS layers, having porosity, which is approximately two
times different.

The first report about a combination of the Bragg PS and plasmonic
metal was made in 2015 year [86]. However, the authors studied not the
SERS-response but the fluorescence enhancement of R6G induced by

gold NPs (GNPs) deposited on the Bragg PS. The mechanism of the
enhancement by the Bragg PS was explained as follows. The excitation
light at a wavelength of 500 nm was located outside the bandgap area of
the reflection spectrum of Bragg PS (in that work Bragg’s reflector with
the centre of the bandgap 550 nm was used), where the reflectivity is
lower, and most of the excitation light can be transmitted inside the
multilayer of the PS and stimulate R6G fluorescence within the Bragg PS.
The upward fluorescence was transmitted out of the Bragg PS, the
downward fluorescence reflected from its surface. Thus, the fluores-
cence for the Bragg PS was stronger than for the single PS layer. The
fluorescence intensity from the R6G molecules on the PS/GNPs was
about two times higher compared to the PS, while the Bragg PS/GNPs
also induced a stronger fluorescence response from the organic dye than
the single-layered PS/GNPs. Later works have reported the combination
of Bragg PS with noble NPs for the SERS application [91,124-128].
SERS-active substrates based on the Bragg PS was found to produce
5-8 times higher intensity of the Raman signal compared with that on
the single-layer PS or monocrystalline Si substrate [125], leading to an
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Fig. 15. (a) Cross-section image of Bragg PS; (b) reflectance spectra of the PS and Bragg PS; (c) the corresponding SERS spectra of R6G with a concentration of 10>

M registered using PS and Bragg PS covered with AgNPS [129].
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R6G detection limit from 1.0 x 107'* M to 10 '® M. Related images of
the Bragg PS and Ag NPs/Bragg PS structures along with their optical
characteristics are shown in Fig. 15.

4.4. Diffraction gratings

Periodic arrays of gold or silver nanostructures can excite propa-
gating surface plasmon polariton (PSPP) that have already shown their
efficiency for SERS-spectroscopy [130-134].

When the localized surface plasmon polariton is considered as a non-
propagating, characteristic excitation of electronic and electromagnetic
field coupling, which generates a strong electromagnetic field
enhancement only in the near-surface area of the nanostructures, PSPP is
defined as polarized wave propagation along the metal grating surface,
which enhances the electromagnetic field in a certain range area near
the metal surface.

Changwu Lv. et al. [135] showed the potential of metalized periodic
structure based on PS diffraction grating (DG) for the
SERS-spectroscopy. The porosified DG covered with silver NPs demon-
strated the amplification of the already strong SPR of the MeNPs
adsorbed on the PS. The SERS-spectrum of the R6G molecules adsorbed
on the PS/DG/AgNPs was two times more intensive than that collected
with the use of the PS/AgNPs. The minimal concentration of the
detected R6G molecules was 10~'? M under the 785 nm laser excitation.

4.5. Protection with graphene

Plasmonic structures characterized by a giant increase of electro-
magnetic field in the near-field, produce local heating that usually in-
fluences the molecular structure of the detected probe molecule. An
important task during designing such high-sensitive SERS-substrates for
biosensing application is preventing the destruction of the molecules
during the SERS measurements. Recent papers reported covering the
PS/Me nanostructure with graphene leads to decreasing in SERS-signal
degradation for the adsorbed molecules [94,136].

Our research group was able to protect lactoferrin molecules adsor-
bed on the meso-PS/Ag SERS-active substrates from thermal denatur-
ation by using graphene-containing coating shown in Fig. 16 [136]. The
temperature of the lactoferrin denaturation is about 350 K. At this
temperature the studied molecule starts to change its structure and
amorphous carbon bonds appear on the SERS-spectra of the measured
sample. According to provided simulations of substrate heating with the
473 nm laser, the graphene protective layer leads to a temperature
decrease in the laser spot down to 340 K. The simulation data are in good

g with the experi 1 results. The analyte molecules on the
silvered PS protected with 1-8 graphene layers were detected after
adsorption from the 107'® M solution.
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4.6. Substrate functionalization

Special attention should be paid to the molecules, which contain
disulfide bonds R-S-S-R or free thiols groups R-S-H. Such molecules are
widely used as functionalized agents for biosensing by SERS-
spectroscopy. When metallic structures are immersed in the mole-
cules’ solution, they form a monolayer by attaching to the metallic
surface through the formation of R-S-Me bonds [137-139]. The func-
tionalization of a metallic surface by chosen molecular agent makes the
SERS-active substrates specific to picking target molecules. This pro-
vides the capability to conduct the selective diagnostic of multicompo-
nent substances at various concentrations [140]. For example, the PS
disks covered with MeNPs showed the possibility for selective detection
of glutathione in nanomolar concentration and their potential for in vivo
biosensing application [95].

To improve the reproducibility and sensitivity of SERS-response
Wand et al. proposed a new technology of functionalization to in-
crease the selectivity of the SERS-active substrates [141]. They used
magnetic ion liquid ([Cemim]FeCly) as a reporter agent to modify the
PS-based SERS-active substrate. The prepared substrates improved the
loading capacity by taking advantage of the multiple ion adsorption
sites, aggregation capacity, and specific adsorption capacity of ion
liquid, to increase the number and density of the “hot spots™.

To distinguish and illustrate the benefits of the metal-coated PS
among the variety of the existing SERS-active substrates we summarized
and systemized its most important parameters such as detection limit
(DL), standard deviation (SD) of SERS signal intensity, and shelf life in
dependence on the PS type and metal deposition technique (see Table 1).

It was reported that the lowest concentration 10~ 18 M of R6G can be
achieved using colloidal nanoparticles [151] as well. But to reach this
goal a special combination of metal and a dielectric material is needed,
which provides a higher increase of electromagnetic field in “hot-spots™.
Such hybrid structure is so-called core-shell nanoparticles and their
synthesis usually takes from several hours to several days [152,153]. In
this case, PS material is considered to be a more attractive base for
SERS-active substrates fabrication as it is characterized by simple, fast
preparation (described in the 2 and 3 sections), high sensitivity, and
good reproducibility (Table 1). In general colloidal solutions are char-
acterized by low reproducibility of SERS spectra. Recently, the highest
reproducibility was achieved by the arrangement of core-shells nano-
particles monolayer on the solid substrates [154]. Such structure
demonstrated an SD of about 3%. However, to get this value of SD the
size distribution of the used core-shell nanoparticles must be higher than
2%.

5. Application and

based on porous silicon

of SERS-active substrates

In recent years, SERS-spectroscopy has become widely used for the

Fig. 16. SEM top-view images of the (a) silvered PS and (b) silvered PS covered with graphene [136].
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Table 1
Structural parameters and characteristics of the PS-based SERS-active substrates.
Morphology of SERS-active substrate Metal deposition Detected Analytes DL SD Shelf life References
technique
Meso-PS  AgNPs Immersion CuTMPyP4 10°"'m [103]
R6G 10°°M 5% [142]
Phospholipid 10 "M
AgNPs Immersion R6G 10M  2-50%" [106]
Cyanine dye 10°M
p-mercapto-benzoic acid (p-MBA) 10°M 9% [143]
Micro RNA 10°M (144]
AgNPs/PS disk Immersion Glutathione 10°M [95]
Cysteine
Homocysteine
Ag dendrites Immersion DTNB/TNB 1075 m [36]
AgNPS protected with Immersion Lactoferrin 10°%M 7% Up to two [136]
graphene years
AgNPs/Bragg PS Immersion R6G 10°°%m n271
Crystal violet
AgNPs/Bragg PS Immersion R6G 10°°M 9% 11291
AgNPS/Bragg PS Immersion R6G 10°%M [125]
AgNPs/Bragg PS Immersion R6G 107'M 8% [126]
Picric acid 10°%m
AgNPs/DG Immersion R6G 10 %M [135]
Ag dendrites Electro-chemical R6G 107 M [110]
Ag Layer Sputtering Cyclosarin 10°°M [145]
1,3,5-Trinitro-perhydro-1,3,5-triazine 10°2M
(RDX)
Amphetamine 10%M
Picric acid 10 %M
Ochratoxin A 10°M  17-20% [146]
GNPs Immersion Peniciline 10°M 4.5% [147]
GNPs Immersion 1,2-benzene-dithiol (BDT) 10°M 5% (591
PANPs Immersion Imidacloprid pesticide 10°M [148]
GNPs Electro-chemical BSA 10°%M (149]
GNPs Electro-chemical R6G 10°M (1091
Gold nanorods Electro-chemical 4-4" bypiridine (BPY) 10'M [111)
GNPs Sputtering R6G 10°°M 6% (551
Macro- AgNPs Immersion CuTMpyP4 107°Mm 8 month [94]
PS AgNPs/Ni Immersion R6G 10"'M [105]
AgNPs/Si Nanopillars Immersion R6G 10°°m [88]
GNPs Immersion Cyanine 10°°M [150]
Gold nano-thorns Electro-chemical Crystal violet 107 %m noz21
® The standard deviation of the Raman signal intensity depends on the ion of the d d analyte.

detection and structural characterization of molecules in different lig-
uids and gases. Ultra-low detection of small organic molecules by SERS-
spectroscopy has been easily achieved using AgNPs/PS or GNPs/PS
substrates [106,124-126,135,155,156]. Identification and analysis of
organic objects such as tetrapyrrolic molecules [157], peptides [138,
139], proteins [108,114,149], enzymes [158], nucleic acids [106,159],
antibiotics [58,147], DNA [160], microRNA [161], serum blood [114,
162,163], physiological fluids [164], bacteria [165], cells [166], anti-
oxidant [95] and aflatoxins [108] has been already reported. It should
be noticed that single-molecule detection is not always required for the
analysis of multicomponent substances. In some cases, the detection of
one component at the concentration of the maximum residue limit
(MRL) is enough, e.g. for food quality control. In the recent reports [58,
147], a great potential of antibiotics detection in a food has been shown.
Wali et al. detected penicillin G and ampicillin residue in a milk using
GNPs/PS hybrid structure. The detection limit of 10°°M (equal to 0.33
ug/kg and 0.35 pg/kg, respectively) was reached for these components,
which is much lower than the MRL of penicillin in the milk (4 pg/kg)
established by the European Union.

Also, the detection of a multicomponent analyte such as serum blood
was reported [163]. Yue et al. demonstrated perspectives of the rapid
and non-destructive diagnosis of echinococcosis by SERS-spectroscopy.
In their study, the serum samples were clearly distinguished from the
health human’s controls samples and patient’s samples via analysis of
assignments of the bands in the measured serum blood SERS-spectra. It
was shown that such biomolecular difference occurs because of
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metabolic changes in the patient’ body. The authors provided a sys-
tematic analysis of three groups of the serum SERS spectra detected with
the Ag/PS substrates.

Besides, the SERS-active substrates Bragg PS/Ag efficiency for early
breast cancer detection patient serum was reported [162]. The SERS
response of the serum for 30 normal people and 30 early breast cancer
patients was measured and then statistically analyzed. The analysis re-
sults showed that the diagnostic sensitivity is 93.3%, the specificity is
96.7%, and the total accuracy rate is 95%.

In addition to the fact that the solid PS-based substrates demonstrate
high sensitivity, several works have studied their time stability and
reproducibility (Fig. 17) [2,97,165,167]. Usually, the standard devia-
tion of SERS-signal intensity of about 30-40 recorded spectra using
PS/MeNPs substrate does not exceed 10% [56,124]. This makes these
substrates to be widely used for high-precision analysis in biosensing.

Chiral molecule structure studies are getting popular nowadays
[168,169]. Despite the all PS-based substrates’ advantages and wide
applications in SERS-spectroscopy, there aren’t any reports about its use
for chiral molecule structure determination by Raman spectroscopy to
the present moment.

The application examples of the substrates based on the PS consid-
ered above have been done with the SERS-active materials prepared at
the research laboratory conditions. However, nowadays commercial
SERS-active substrates formed on the PS templates are available [https
://www.silmeco.com/, https://science.bsuir.by/en/microelectronics-a
nd-nanotechnology/sers-active-substrates-for-increasing-sensitivity-of-



N. Khinevich et al.

[~ 20000
7]
2
c

- 15000 3
O

[~ 10000

s
aw 5000
=
5
16800
% o 1m0 M
0 800 Raman Shift (cm™)

Fig. 17. The representative two-dimensional SERS spectra of p-MBA (10™° M)
have been recorded from 40 different spots on the SERS surface using mapping
mode. The spectra have been collected over a distance of 1 mm with 10 pm
steps (40 spectra are shown) [164].

raman-spectroscopy). For instance, Silmeco substrates [https://www.sil
meco.com/] represent silicon nanowires covered by silver or gold
coating, which showed their efficiency in forensic detection of Cyclo-
sarin, RDX, Amphetamine, and Picric acid in sample volume down to
femtograms [145]. They also were utilized in food quality control for
detection of mycotoxin [146] and therapeutic drug monitoring for
anticancer drug imatinib [170]. The other commercial product (BelSERS
substrates [https://science.bsuir.by/en/microelectronics-and-nanotech
nology/sers-active-substrates-for-increasing-sensitivity-of-raman-spec
troscopy] that is based on the silvered meso- or macro-PS have demon-
strated its applicability for detection of peptides [143] and proteins
[134], meldonium [171], DNA [148], phospholipids [142], fullerenes
[172] and other organic molecules [36,103,105].

6. Conclusions

The data collected for the present review has demonstrated un-
doubted advantages of the PS template to be a proper host material for
fabrication of the ultrasensitive, reliable, user-friendly and cost-effective
SERS-active substrates that have confidently proved themselves as
highly efficient tools for accurate molecular analysis. The PS layers or
particles (e.g. microdisks) play a role of not only a mechanical support,
which fabrication is affordable due to compatibility with the main steps
of the Si technology, but of an agent precisely determinating the shape
and size of plasmonic nanostructures which electrodynamic properties
can be easily tuned to meet specific requirements of the SERS-analysis.
The best DL for the small [38] and macromolecules [134] of the
organic analytes achieved with the SERS-active substrates based on the
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this can be easily achieved through purchasing the PS chips and depo-
sition of the metallic nanostructures immediately before the SERS-
analysis. Table 1 has shown that the most SERS-active substrates are
formed by affordable immersion deposition of metals on PS, which can
be performed on site of the SERS-analysis.

However, some issues should be taken into account while analyzing
the SERS-active substrates formed on the PS. Although the PS possesses
the biocompatibility property, which is very valuable to provide bio-
sensing in the different application fields, this porous material may
easily degrade in a solution with high pH (>8), i.e. detection of mole-
cules soluble in only alkaline solutions is hardly achievable with the PS-
based substrates. It may be possible to obtain higher resistance to
dissolution of the PS by specific biofunctionalization of its surface [30].
The next open question is the EF calculation and the number of detecting
molecules. As it was proved in Refs. [36,137] the molecules tend to
coalesce in the clusters on the SERS-active surface, so this is hard to
confidently claim about their certain amount in the laser spot even if one
can estimate the specific surface area of the plasmonic coating on/in the
PS. In addition, there are not any reported techniques of the separation
of the products from PS-based substrates after measurements and their
reuse without degradation and losing plasmonic properties. This opens a
new area of the study to make the SERS-spectroscopy more environ-
mentally friendly decreasing the number of fabricated substrates.

Enclosing SERS-spectroscopy with the PS-based plasmonic nano-
materials can be potentially considered as an additional analytical
technique for noninvasive cancer screening, diagnosis of the human
immunodeficiency virus (HIV) or Alzheimer’s disease, and there is a trail
to extend its application area to food and drug quality control, forensics,
security, monitoring sanitary conditions of the personal environment
and public places and other spheres of human life. Moreover, the
compatibility of porous silicon with the silicon technologies opens new
prospects in the elaboration of novel sophisticated devices, like lab on
chip enabling different types of diagnostics to be quicker and more
specific.
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PS templates is equal to attomolar concentration which is an absol
record for both solid and liquid SERS-active substrates, i.e. this is the
smallest amount of the organic molecules at which they can be currently
detected. The spot-to-spot and sample-to-sample reproducibility of the
SERS intensity and shelf life provided by the PS-hosted substrates meet
the strictest requirements for the commercial SERS-active materials.

Considering the discovery that the PS structure can contribute to the
Raman signal enhancement itself we expect future increase in the
number of the fundamental studies of this effect.

The other aspect of the evolution of the metalized PS substrates can
potentially be an adaptation of Raman spectroscopy laboratories to
quick fabrication of their own SERS-active materials. In practical terms
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The excited localized surface plasmon (LSP) in metallic nanoparticles is known to relax through several
processes such as electron-electron scattering, electron-phonon coupling, and phonon-phonon scat-
tering. In the current research, the ultrafast electron-phonon (e-ph) coupling relaxation processes for
different average sizes and crystallinity of chemically synthesized silver nanoparticles were evaluated
utilizing transient absorption spectroscopy. The nanoparticle size and crystallinity of similar linear
dimension polycrystalline spherical and monocrystalline cubic nanoparticles ranging from ca. 30-60 nm
was related to their electron relaxation time constants and revealed very different dependencies. For the
monocrystalline nanocubes, the electron-phonon coupling was not dependent on the cube edge length,
while for the polycrystalline nanospheres, it was linearly decreasing with diameter. We demonstrate that
the e-ph coupling time constant could be used to evaluate crystallinity and crystallite size in plasmonic
metal nanoparticles when the size (surface area) of the nanoparticle is known.
© 2023 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metal nanoparticle synthesis and optical characterization have
become an important focus in diverse fields from catalysis to
sensing and medicine. Special attention is paid to noble metal (Au,
Ag, and Pt) nanostructures because they support plasmon reso-
nance. Due to their unique physicochemical properties, Ag NPs are
used as biosensor material, additives to composite fibres, cosmetic
products, and electronic and optical components [1]. Ag NPs have
been one of the most attractive nanomaterials in biomedicine,
where they are used for antimicrobial and anticancer therapy,
promote wound repair and bone healing, or as an adjuvant to
vaccines as an antidiabetic agent [2]. Ag NPs also find multiple
applications ranging from heterogeneous catalysis [3] to gas
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sensing and nonlinear optics [4,5]. Metallic nanoparticles act as a
functional base component of nanoscale devices or sensors with
high selectivity and sensitivity in these applications. These nano-
particles can also be applied in spectroscopic systems to enhance
Raman scattering spectroscopy signal [6]. Nanoscale metal features
support localized surface plasmon resonances (LSPs) associated
with strong electromagnetic (EM) hotspots. These EM fields
enhance the Raman scattering of adsorbed molecules and can be
used for chemical sensing [4].

One of the key issues to consider during a variety of applications
of metallic NPs includes developments and novel applications in
photovoltaics, photodetection, photocatalysis, etc. where the LSP
excitation of NPs is employed, is their ultrafast optical user-
designed response. Currently, there is knowledge of the temporal
evolution of hot electrons excited by light and its dependence on
the size, composition, and morphology of metal NPs. The excited
LSP in metallic NPs is known to relax through several processes
such as electron-electron scattering (e-e, typical time scale ca. 100
fs), electron-phonon coupling (e-ph, 1-5 ps), and phonon-phonon
scattering (ph-ph, 10—100 ps) [7]. When the excitation source is
faster than the expansion/contraction period, the light-heated
particles can form coherent vibrations called optomechanical

2352-8478)© 2023 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open access article under the CC BY-NC-ND license (http://
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oscillations that decay together with ph-ph [7-9]. One of the
pump-probe spectroscopy variants, transient absorption spectros-
copy (TAS) is a primary choice for studying the kinetics of the LSP
effect of different processes taking place in femto — to picosecond
time scales. Despite intensive research in this field, the thermali-
zation effect of hot electrons in metal NPs with the lattice via
electron-phonon coupling, especially the NPs size and shape de-
pendency of the process, has been controversially discussed in
recent literature [8,10]. For example, theoretical studies [11] done
on the temporal evolution of optically excited conduction electrons
in small plasmon-supporting gold and silver NSs predict that the
contribution of surface states (and the effect of the size of the NPs)
to hot electron dynamics should be relatively small, as surface
electrons only make a small fraction of the total conduction elec-
trons for the particle sizes under consideration. In Refs. [8,12] it was
experimentally shown that gold and silver NPs do not demonstrate
a dependence of hot electron dynamics on size and shape, while
copper NPs have shown some dependence on size [13]. Other
studies indicated that the e-ph coupling time constants of Ag and
Au NPs stop depending on size and shape if the diameter of the NPs
becomes greater than 10 nm [8,14,15]. The importance of bulk
phonons dependence on the degree of crystallinity of gold NPs was
revealed — it was demonstrated that the e-ph coupling time con-
stant increases when polycrystalline gold nanoprisms are annealed
and transformed into nearly single-crystal nanospheres (NSs). On
the other hand, a size-dependent e-ph coupling time constant was
experimentally demonstrated in gold monocrystalline NSs [ 10]. The
larger monocrystalline gold NPs have demonstrated a lower e-ph
coupling time constant, which was explained as a result of the
decreasing effect of electron-surface scattering and e-ph coupling
constants approaching the values reported for bulk gold. Further-
more, the size dependences were outweighed by the effective
scattering at grain boundaries [10]. Similar results were reported
for gold NPs in Ref. [16] showing no influence of crystallinity on
electron-phonon equilibration dynamics. It was suggested that the
crystal twins present in the polycrystalline gold NPs do not
significantly enhance the e-ph scattering.

Despite the manifold plasmonics-related applications of Ag NPs,
the dependence of the e-ph interaction on crystallinity are almost
not considered in the literature for Ag NPs in comparison to Au NPs.
Studies of the dependence of e-ph coupling on size have been done
for a long time [13,17,18] and in most cases no significant size effect
was found [13,17-20]. This indicates that e-ph coupling depen-
dence on size is very unlikely in Ag NPs. Nevertheless, in these
articles, the crystalline structure was not examined; therefore, it is
hard to discriminate between the size and crystallinity influence,
which is being tackled in this work. In our studies, the difference in
Ag NPs crystallinity was implied by the use of two different wet
chemistry methods (reduction of silver salt and polyol synthesis).

Different preparation methods have been reported for the pro-
duction of Ag NPs, including physical (laser ablation, sputtering,
etc.), chemical (chemical reduction, green synthesis), photochem-
ical methods, and microwave processing [1]. One of the popular
methods used to produce silver nanospheres (Ag NSs) is the
reduction of silver salt. In this method, monodisperse Ag NSs are
synthesized via the reduction of silver nitrate using a mixture of
two chemical agents: sodium citrate (SC) and tannic acid (TA).
Combining SC and TA forms a complex with better reducing and
stabilizing properties than SC and TA alone [21-23]. Whereas the
polyol synthesis method is frequently utilized when non-spherical
geometries are preferred, such as nanocubes (NCs), nanowires [24],
etc. The method provides better control of the crystallinity and
geometry of monocrystalline nanocubes (NC) and various poly-
hedrons were obtained [25,26].

In the current research, we have performed a systematic
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analysis of ultrafast processes taking place in highly monodispersed
polycrystalline and monocrystalline Ag NPs colloids, investigating
their LSP relaxation kinetics empowering TAS as a perspective tool
for nanomaterial characterization. We explored the dependence of
Ag nanoparticle shape, average size, and crystallinity on e-ph
coupling. The e-ph coupling of single-crystal Ag NCs was size-
invariant while e-ph coupling in polycrystalline Ag NSs had a
linear size dependence.

2. Experimental section
2.1. Materials

Silver salt (AgNOs;), tannic acid (TA, C7Hs2046), and trisodium
citrate (TC, NasCgHs07), 1,5-pentanediol, copper (II) chloride dihy-
drate (CuCly-2H,0), poly (vinylpyrrolidone) (PVP, M,, = 55,000
amu) were purchased from Sigma Aldrich and used without further
purification. All solutions were prepared with Milli-Q water.

The synthesis of silver nanospheres (sequence a) was carried out
according to the procedure developed by N. Bastus [23], where a
complex of TA and TC is used and allows control over the nucle-
ation, growth, and stabilization processes, leading to reproducible
monodisperse Ag NSs. The method consists of two preparation
steps: synthesis of silver seeds followed by growth of Ag NSs.

Synthesis of silver seeds. An aqueous solution (100 mL) con-
taining 5 mmol/LTC and 0.012,5 mmol/L of TA was heated at 100 °C
degrees for about 15 min under vigorous stirring. Subsequently,
1 mL of the silver salt solution (25 mmol/L) was injected. The
synthesis lasted for 70 min.

Growth of Ag NSs. 19.5 mL of seeds were mixed with 16.5 mL of
water and heated under 90 °C, 250 pL of 2.5 mmol/L TA, 100 pL of
25 mmol/L TC, and 250 pL of 25 mmol/L AgNO3; were sequentially
injected. After 30 min of heating, 1 mL of aliquots was extracted for
further characterization. The solution produced was used as the
seed solution for the subsequent synthesis step. The growth pro-
cess was repeated four times. Aliquots were centrifuged at 7,000 r/
min.

Monodisperse solutions of Ag nanocubes (sequence b) were
prepared using a modified procedure based on the polyol synthesis
method described in Refs. [26,27]. A copper chloride solution was
prepared by dissolving 80 mg of CuCl in 10 g of 1,5-pentanediol
(PD; Acros). Then the two precursor solutions were prepared by
dissolving 0.4 g of polyvinylpyrrolidone (PVP; Sigma-Aldrich) in
20 g of PD, and dissolving 35 pL of the above CuCl, solution and
0.4 g of AgNO3 into 20 g of PD. Next, a 100 mL round bottom flask
(RBF) was filled with 20 g of PD and heated to an internal tem-
perature of 130 °C. Once the PD reached this temperature, 500 pL of
the AgNO3; solution was added to the RBF, then 30 s later 500 pL of
the PVP solution was added to the RBF. This process was repeated
every minute (i.e. Add the Ag* solution at 0:00, the PVP solution at
0:30, then Ag* at 1:00 and so on) until the desired nanocube size
was achieved.

2.2. Analysis methods

UV-Vis absorbance spectra of the studied nanoparticles were
recorded using a fibre-optic spectrometer AvaSpec-2048 (Avantes,
The Netherlands) with a resolution of 1.2 nm in the 400—800 nm
spectral range.

Transmission electron microscope (TEM) Tecnai G2 F20 X-TWIN
(FEI, The Netherlands) with an FE source operated at 200 kV was
used for the visualization of Ag NSs. 20 uL of the precipitates after
centrifugation were dropped onto a TEM copper mesh and left to
dry at room temperature. While Ag NCs were inspected with 2100F
(JEOL) TEM operating at 200 kV.
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The images were analyzed with Image] software and used for
the estimation of the mean diameter/edge length and size distri-
bution. For each sample, at least 50 NPs were measured to evaluate
the mean diameter (Dy) and standard deviation (SD) - dispersity of
the ensemble.

The X-ray diffraction method was used to study the crystalline
structure of synthesized Ag NPs. The D8 Discover (Bruker AXS
GmbH) diffractometer with a Cu Ky (4 = 0.154 nm) radiation
source and parallel beam focusing geometry was used. Peak in-
tensities were measured in the 30°—90° 26—# with 0.012° step size.
The DIFFRAC.EVA software was used to process the diffractograms.
Considering that in all cases single-phase compounds were ob-
tained, we performed the Rietveld refinement using X'pert High-
Score Plus software to calculate crystallite sizes and lattice
parameters based on Scherrer formula.

Transient absorption spectroscopy was used to study the ul-
trafast electron dynamics of Ag NPs. The HARPIA spectrometer
(Light Conversion, Lithuania) was used for the TAS measurements.
For the sample excitation with an ultrafast 290 fs pulse length and
1,030 nm wavelength Yb:KGW laser Pharos (Light Conversion, LT)
with a regenerative amplifier at a 66.7 kHz repetition rate was used.
Collinear optical parametric generator Orpheus and harmonic
generator Lyra (Light Conversion, LT) were used to tune the pump
beam wavelength to 350 nm with an excitation intensity of
0.6—13.6 wJ/cm?, and a pulse width of about 290 fs. The samples of
Ag NPs were probed with a white-light supercontinuum generated
using a 2 mm thickness sapphire plate excited with the second
harmonic (515 nm) of fundamental laser wavelength. The spectral
range of the supercontinuum probe, as well as the detection range
of the TAS signal relaxation dynamics, spanned wavelengths from
370 nm to 674 nm. The excitation beam was focused on a ca.
700 um diameter spot, while the diameter of the spatially over-
lapped supercontinuum probe was ca. 500 pm [28].

3. Results and discussion
3.1. Properties of synthesized Ag NPs

The process of seeded growth chemical synthesis was repeated
and after each growth cycle, Ag nanospheres of different sizes were
obtained. The method based on a seed-growth approach allowed us
the production of long-term stable aqueous colloidal Ag NS dis-
persions with narrow size distribution. The homogeneous growth
of Ag seeds was kinetically controlled by adjusting the reaction
parameters: concentrations of reducing agents, temperature, a sil-
ver precursor-to-seed ratio, and pH value as it was proposed in
Ref. [23]. From the TEM analysis (Fig. 1) it was determined that Ag
NSs diameters after the 1st growth process were 27.8 nm (noted as
sample al) and ranged to 56.6 nm (a4) after the 4th cycle. TEM
microscopy analysis also revealed the polycrystalline structure of
the Ag NSs (Fig. 1: a—d), while Ag nanocubes are monocrystalline
structures (Fig. 1: e—h).

The increasing linear dimension was accompanied by the ex-
pected redshift of the absorbance peak (Fig. 2 a, c) related to the
dipolar LSP resonance mode and the emergence of the second peak
in the UV region associated with the quadrupole mode in larger Ag
NSs (Fig. 2a) and Ag NCs (Fig. 2c). The mean diameter (Dy) and
standard deviation (SD) of the synthesized Ag NSs, Ag NCs along
with their size distribution are depicted in Fig. 2b and d,
respectively.

3.2. Crystallinity analysis of Ag NPs

For each sample, the crystallite size and its standard deviation of
the NPs were evaluated from the XRD patterns (Fig. 3) which show
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the diffraction peaks at 26 = 38.2°,44.5?, 64.6°, and 77.6°, 81.7° that
correspond to the planes (111), (200), (220), (311), and (222)
respectively of the face-centered cubic (FCC) silver structure, ac-
cording to the standard powder diffraction card Joint Committee on
Powder Diffraction Standards (JCPDS 04—0783).

The crystallite size was calculated using the Scherrer formula
[29], and the results are presented in Table 1. The table includes the
mean diameter of NSs and mean edge length of NCs with standard
deviations defined from TEM analysis. One can see that for Ag NSs,
the Ag NSs crystallite size increases together with the diameter
(Table 1) and this is in good agreement with the applied synthesis
approach where during the seeds-growth process, Ag ions reduce
on the surface of Ag NPs avoiding new nucleation or agglomeration
[23]. The growth mechanism enabled the formation of NPs with a
controlled crystallite size, which is important in the quantitative
studies of electron-phonon scattering, elucidating the effects of
electron scattering in grain boundaries. The crystallite size of Ag
NCs was bigger than their spherical counterparts and much closer
to the linear dimension of the nanoparticles, a similar result was
obtained for the monocrystalline silver nanocubes in Ref. [30] and
gold nanospheres in Ref. [31].

3.3. Nonlinear optical spectroscopy

3.3.1. Excited-state relaxation dynamics

TAS measurements were employed to characterize Ag NPs,
including defectiveness and structure. The TAS measurement data
for Ag NSs at different probe wavelengths and different pump
excitation intensities are shown in Figs. S1-55. Electron-phonon
coupling (e-ph, 71) and phonon-phonon (ph-ph, 72) scattering
time constants were calculated from the TAS signal decay traces
(Figs. S2--S5) by fitting traces at the negative and positive peaks of
the TAS spectra using the exponential decay function with one or
two components (1) [26,32].

I(t) =Are ™ + Ae ™ + o (1)

where Aq; A; and 74; 72 are the amplitudes and time constants of
decay, respectively, while Iy represents the background of the TAS
signal [32]. The fitting results for Ag NSs are summarized in
Table S1, while the Ag NCs data analysis depicted in Figs. S7—S10 are
compiled in Table S2.

For the investigation of coupling time constants, pump excita-
tion intensity measurements were performed (Fig. S6 and Fig. S11).
From these measurements, the e-ph coupling time constant (7e-ph)
was extrapolated from 7y under 0 excitation intensity as [13,33,34].
The extrapolated e-ph coupling time constants are shown in
Table 1.

Damping of the excited state depends on e-ph couping. It varied
from 0.69 ps to 0.96 ps for Ag NSs and from 0.85 ps to 1.05 ps for Ag
NCs (Table S1). A relatively weak TAS signal relaxation component
was observed and that can be attributed to ph-ph scattering whose
durations ranged from 10 ps to 206 ps for Ag NSs (Table S1) and
22-73 ps for Ag NCs (Table S2).

The two-temperature model was used for the calculation of the
electron-phonon coupling constant [8] and the electron-phonon
coupling constant G was found based on the equation [13,33,35]:

G = yTo/Te-ph (2)
where v equals 65 ]-m3-K~2 [36]; Ty is the ambient temperature
(293 K); 7e-ph is hot-electron lifetimes (provided in Table 1).

The polycrystalline Ag NSs indicated a decrease in the e-ph
coupling time constant with increasing mean diameter (Fig. 4a)
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Fig. 1. TEM analysis of the Ag NPs. Top row: Ag nanospheres after 1st process of growth (al); after 2nd (a2); after 3rd (a3), and after 4th (a4). Bottom row: Ag nanocubes with edge
lengths of 32 nm (b1), 35 nm (b2), 37 nm (b3), and 55 nm (b4). The scale bar is 25 nm.
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Fig. 3. XRD patterns of Ag NPs: nanospheres (a) and nanocubes (b). The peaks are
assigned to diffraction from the planes (100), (200), (220), and (311) of silver (spectra
are offset for clarity).

while the monocrystalline Ag NCs seem to be independent of the
edge length (Fig. 4a). We also calculated the e-ph coupling time
constant dependence on volume of Ag NSs and Ag NCs that cor-
responds well with data in Fig. 4a (Fig. S12). According to theo-
retical predictions, the absence of size-dependent e-ph coupling in
Au and Ag NPs is due to the relatively small contributions of surface
phonon modes to the e-ph coupling process [13] (in case they have
a polycrystalline structure [31]). On the other hand, the depen-
dence of the time constant of e-ph coupling on the NPs size has
been reported for Cu NPs [13,37] and monocrystalline Au NPs [31].
In these cases, the dependence of the e-ph time constant was
attributed to the stronger influence of surface phonon modes on
the e-ph coupling process, and the increase in the size of NP has led
to longer e-ph coupling time constants. However, this contradicts
our obtained dependencies presented in Fig. 4 a. It is also known
that the e-ph coupling time depends on the crystallinity of the NPs
[33], and the grain boundaries are important to consider in all
modes of plasmon damping [31]. To verify this hypothesis, we
chose the ratio (Crystallite size/Linear dimension of Ag NPs)?
(Table 1) for the analysis of the decay time constant of the e-ph
coupling, assuming that the higher ratio of crystallite size to the
size of NPs corresponds to a more pronounced monocrystalline

Table 1

Journal of Materiomics xxx (XxXx) Xxx
structure and fewer grain boundaries of the NPs. In this ratio:
(Crystallite size/Linear dimension of Ag NPs)2 3)

Crystallite size — parameter calculated with Scherrer formula
from Ag NPs sample XRD data; Linear dimension of Ag NPs — linear
dimension is the length picked to evaluate size of Ag NPs. It is
diameter for Ag NSs and edge length for Ag NCs. We use Eq. (3) to
describe generally both types Ag NPs — for Ag NSs we use eq.
(Crystallite size/Diameter of Ag NSs)? while for Ag NCs - (Crystallite
size/Edge Length of Ag NCs)2.

The linear dependence of the e-ph coupling decay time constant
on (Crystallite size/Diameter of Ag NSs)? (Fig. 4b) shows that the e-
ph coupling time constant for NSs is size-dependent, and this
dependence correlates with the crystallinity of the NP. These
findings support the results of other researchers who have shown
that the grain boundaries in polycrystalline Au NCs increase the
efficiency of coupling of hot electrons with phonons, making the e-
ph coupling process faster [12,31]. In this way, the reviled depen-
dence on the time constant e-ph coupling on (Crystallite size/Linear
dimension of Ag NP)? could in the future be used for control of the
crystalline structure of plasmonic metal NPs.

The analysis of e-ph coupling time constants was done for the
Ag nanoparticles with sizes that provided us with the most reliable
TAS data and therefore the most reliable e-ph coupling time con-
stants. The extension of the range of sizes of samples becomes
problematic, because smaller nanoparticles absorb more and
scatter less light leading to a strong TAS signal but the smallest
samples (below linear size 28 nm) are unstable therefore their time
resolved spectroscopy becomes complicated. Investigation of sizes
above 60 nm is also challenging because both the absorption and
scattering from the nanoparticles prevail and lead to a decrease in
TAS signal amplitude and larger noises which makes the calculation
of e-ph coupling with huge error margins especially for Ag NSs
samples. For comparison we used only Ag NCs that have most
similar sizes/volume to Ag NSs. All in all, in our studies we chose to
investigate the most reliable results demonstrating Ag nanoparticle
sizes for the e-ph coupling time constant analysis. Although we
believe that the size range could be extended in the study but some
improvements to the synthesis and stability of Ag NSs need to be
improved in the future.

4. Conclusion

The chemical synthesis method based on a seed-growth
approach applied for the production of long-term stable aqueous
colloidal dispersions of spherical silver nanoparticles with narrow,
controlled size distribution (mean diameter 28—57 nm), and vari-
able crystallinity proven by TEM, XRD and TAS measurements,
allowed systematic studies of the e-ph coupling process in plasmon
relaxation dynamics. Comparing similar mean linear dimensions of

The mean sizes of Ag NSs (al—a4) and Ag NCs (b1—-b4) based on TEM analysis, crystallite size based on XRD data, electron-phonon coupling time constant 7., calculated from

TAS data (eq (1)), e-ph coupling constant G based on eq. (2).

Sample Linear dimension (Diameter/Edge Crystallite size  Ratio (Crystallite size/Linear Ratio (Crystallite size/Linear Te-ph (PS) G x 10" (W/
length) (nm) (nm) dimension) dimension)* (m*K))
al 278 +4.1 98 +3.1 0349 0.122 0.96 + 0.020 1.98
a2 357 +49 105+ 3.8 0310 0.096 0.90 + 0.002 2.12
a3 447 + 44 130 + 48 0291 0.085 0.77 + 0.003 2.47
a4 56.6 + 5.6 150 + 6.6 0272 0.074 0.69 + 0.020 2.76
b1 313+ 17 271+ 14 0.869 0.755 0.86 + 0.040 221
b2 351+17 278+ 19 0.792 0.627 0.94 + 0.010 2.03
b3 37222 309 +45 0.831 0.690 0.85 + 0.010 2.24
b4 558 + 3.6 321+38 0.575 0331 0.85 + 0.020 2.24
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Fig. 4. Dependence of the e-ph coupling time constant (7..,,) on the diameter of Ag NSs and the edge length of the NCs (a). Estimated based on the negative TAS signal, (a), e-ph

coupling time constant

e on (Crystallite si:

of Ag NSs)? (b); (Crystallite size/edge length of Ag NCs)? (c). The black and red lines show the guide for eyes. D —

diameter of Ag NSs, EL — edge length of Ag NCs. The insets show schematic image of Ag NSs samples (b) and Ag NCs samples (c).

chemically synthesized polycrystalline and monocrystalline silver
particles it was obtained that their electron-phonon relaxation
time constants follow different dependencies. The polycrystalline
nanoparticles indicated faster relaxation with increasing size, while
the decaying of monocrystalline counterparts was indifferent to the
size. We have demonstrated that the e-ph coupling decay time
constant depends linearly on (Crystallite size/Linear dimension of
Ag NPs)? for polycrystalline Ag nanospheres, while monocrystalline
Ag nanocubes do not show any clear dependence on this ratio. This
fact illustrates that e-ph coupling time could be used to evaluate
crystallinity and crystallite size in plasmonic metal nanoparticles
when the size (surface area) of the nanoparticle is known.
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1. Silver nanospheres

Transient absorption spectroscopy data
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Fig. S1. TAS spectra and traces of samples a/ (a, b), a2 (¢, d), a3 (e, f), a4 (g, h).
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Table S1. Fitting parameters of the a/-a4 Ag NSs TAS traces using eq. (1) under different excitation
intensities and at different probe wavelengths.

Excitation | Probe
Sample | intensity | wavelength | 7; (ps) A; 7 (ps) A R
(wl/em?) | (nm)
12.8 390 1.44£0.02 | 1.04+0.01 | 206.3+466.7 | 0.02+0.02 | 0.9974
440 1.32+0.03 | 0.91x0.01 | 12.9£2.1 0.13£0.01 | 0.9986
6.4 390 1.15£0.02 | 0.99+0.01 | 144.7£192.0 | 0.03+£0.01 | 0.9962
it 440 0.93+0.02 | 0.86+£0.01 | 10.8+1.4 0.17+0.01 0.9978
32 385 1.09£0.02 | 1.02+0.01 | - - 0.9945
445 0.91+0.03 | 0.91+0.01 | 19.2+4.1 0.15+0.02 | 0.9942
1.6 385 1.03+0.03 | 0.98+0.01 |- - 0.9830
450 0.7840.03 | 0.96+0.02 | 29.3+10.4 0.13£0.02 | 0.9850
13.6 400 1.12+£0.02 | 0.91£0.01 | 133.6£162.2 | 0.03£0.02 | 0.9940
450 1.14+0.03 | 0.90+£0.01 | 21.4+4.2 0.16+0.01 0.9957
8 400 1.03£0.02 | 0.92+0.01 | 72.7+71.3 0.03£0.01 0.9942
a2 455 0.96+0.03 | 0.85£0.01 | 24.3+4.1 0.17+0.01 0.9953
4 400 0.96+0.02 | 0.91£0.01 | 177.9£301.0 | 0.04+0.03 | 0.9889
460 0.83+£0.04 | 0.89+£0.02 | 59.7+18.5 0.18+0.02 | 0.9815
2 400 0.93+0.03 | 0.85+0.02 | 189.0+279.6 | 0.07+0.04 | 0.9770
460 0.74+0.06 | 0.91£0.03 | 49.5£22.9 0.21£0.03 | 0.9424
13.6 405 1.15+0.02 | 0.99+0.01 | 109.6+57.0 0.05+0.01 0.9973
460 0.984+0.05 | 0.92+0.02 | 27.9+7.0 0.20£0.02 | 0.9867
a3 8 405 0.99+0.02 | 0.97+0.01 | 97.8+79.0 0.040.01 0.9951
465 0.99+0.06 | 0.90+0.02 | 34.3+26.3 0.10£0.02 | 0.9656
4 405 0.88+0.03 | 0.96+£0.02 | - - 0.9690
460 0.52+0.08 | 1.10£0.09 | 52.1+53.5 0.18+0.06 | 0.7719
13.6 410 1.10+£0.02 | 0.96+0.01 | 102.5£56.5 0.06£0.01 | 0.9953
485 0.84+0.07 | 0.88+0.04 | 72.5+25.3 0.28+0.03 | 0.9415
2d 8 410 0.9140.03 | 0.98+0.01 | 60.8+45.9 0.06+0.01 0.9888
485 0.814+0.06 | 0.93+£0.04 | 206.8+188.7 | 0.30+0.14 | 0.9114
4 410 0.84+0.05 | 0.90+0.03 | - - 0.9086
485 0.65£0.09 | 0.80+£0.06 | - - 0.6697
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Fig. S6 was prepared based on Table S1.
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Fig. S6. Electron-phonon coupling time constant 7., dependence on excitation intensity for samples a/
(a), a2 (b), a3 (c), a4 (d) based on negative TAS signal. The data were fitted with linear function and
extrapolated to 0 excitation intensity. The numbers indicate obtained e-ph coupling time constants.
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2. Silver nanocubes

Transient absorption spectroscopy data
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Fig. S7. TAS traces of 5/ sample under excitation at 11.2 (a), 8.8 (b), 4 (¢), and 2 pJ/cm? (d).
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124



— 380 Nnm

— 380 nm

-1.0
4L —420 nm <-15F — 420 nm
i ——— 445 nm 201 ~——440nm
-6 ) 3
1 " 1 L 1 " 1 " 1 N 1 5 1 " 1 " 1 1 " 1 ) 1 "
0 5 10 15 20 25 30 0 5 10 15 20 25 30
15
10} d
8 0.5 -
= 0.0
- 05 C —380 nm
<S-1.0p 2 ——420 nm
g 4 8L =450 NM
'2'0||||.1.| _1_0'|.|.||.|.|.
0 5 10 15 20 25 30 0 5 10 15 20 25 30
0.4
03 fF e —380 nm
02f ——420 nm

445 nm

1 [ |

10 15 20 25 30
Delay time, ps

o040 1.

5

Fig. S9. TAS traces of 53 sample under excitation at 9.6 (a), 4.8 (b), 2.4 (¢), 1.2 (d), and 0.64 pJ/cm? (e).

10

125



126

o N B

o
(o]
)
<4
-6
-8
0.5
o
8 0.0
£
~-0.5 "
= | ——400 nm |<-04 | ——400 nm
10k —430nm | 46l ——425nm
L 460 nm j “=460 nm
B -7 S TP P [P S I B _0'8-1,1.1.1.1,1.
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Delay time, ps Delay time, ps

Fig. S10. TAS traces of b4 sample under excitation at 9.6 (a), 4.8 (b), 2.4 (¢), and 1.2 pJ/cm? (d).

11



Table S2. Fitting parameters of the h/-b4 Ag NCs TAS traces using eq. (1) under different excitation

intensities and at different probe wavelengths.

Excitation Probe
Sample intensity wavelength 7/ (ps) Ai 2 (ps) A2 R
(wl/em?) (nm)
bl 11.2 405 nm 0.96+0.01 0.95+0.01 72.7+16.3 0.10+0.01 0.9948
430 nm 0.94+0.02 0.94+0.02 46.143.6 0.22+0.01 0.9960
8.8 405 nm 1.01+0.02 0.97+0.01 - - 0.9946
425 nm 0.87+0.04 1.02+0.02 22.1+13.0 0.20+0.04 0.9880
4 405 nm 0.91+0.02 1.02+0.01 - - 0.991
425 nm 0.90+0.03 1.06+0.02 - - 0.977
2 405 nm 0.87+0.02 0.90+0.01 - - 0.9872
425 nm 0.80+0.05 1.1240.03 - - 0.9358
9.6 420 nm 1.05+0.02 0.95+0.01 - - 0.9951
440 nm 1.040.02 1.02+0.01 - - 0.9894
24 420 nm 0.96+0.02 0.93+0.01 - - 0.9900
445 nm 0.92+0.03 0.95+0.01 - - 0.98
o2 1.2 415 nm 0.97+0.03 1.01+0.01 - - 0.986
445 nm 0.90+0.03 0.99+0.02 - - 0.980
0.6 415 nm 0.94:0.03 0.97+0.02 - - 0.977
445 nm 0.81+0.03 1.00+0.02 - - 0.969
9.6 420 nm 1.01+0.02 0.94+0.01 - - 0.9951
445 nm 0.97+0.02 0.96+0.01 - - 0.9889
4.8 420 nm 0.94:+0.02 0.93+0.01 - - 0.9899
440 nm 0.89+0.02 1.04£0.01 - - 0.9851
24 420 nm 0.87+0.02 1.03+0.01 - - 0.986
= 445 nm 0.81+0.03 1.05+0.02 - - 0.977
1.2 420 nm 0.89+0.04 0.92+0.01 - - 0.963
450 nm 0.84+0.06 1.06+0.04 - - 0.914
0.64 420 nm 0.85+0.07 0.91+0.04 - - 0.8711
445 nm 0.82+0.10 0.86+0.06 - - 0.778
9.6 430 nm 0.98+0.02 0.90+0.01 - - 0.9915
460 nm 0.91+0.04 0.94+0.02 - - 0.9567
- 4.8 425 nm 0.88+0.02 0.96+0.01 - - 0.9853
460 nm 0.70+0.05 0.96+0.03 - - 0.9060

12

127



24 430 nm 0.89+0.06 0.88+0.03 - - 0.908

460 nm 0.72+0.10 1.02+0.09 - - 0.709
1.2 425 nm 0.88+0.03 1.00+0.02 - - 0.977
460 nm 0.82+0.08 1.01+0.05 - = 0.848

Fig. S11 was prepared based on Table S2.
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Abstract: Porous silicon (PS) can be used as a loading template in sensing or as a matrix to develop
nanoparticle arrays. We present a comprehensive study of PS morphology and optical properties
before and after the pore opening process, including the determination of thickness, pore size, and
pore density of PS layers, its surface wettability, and reflectivity. The PS samples were fabricated by
electrochemical anodization of monocrystalline silicon wafer in 5-20 wt.% hydrofluoric acid (HF)
solution at a current density in the range of 20-200 mA/cm?. Anodization was followed by the
pore opening process, i.e., the removal of a parasitic superficial layer with a “bottleneck” structure
by reactive ion etching (RIE). The results illustrate that “bottleneck”-free PS allows to achieve a
high pore density using a low HF concentration and a reduced current density. We established
that this structure demonstrates higher hydrophobicity in comparison to the samples before RIE.
The applicability of the developed “bottleneck”-free PS was tested via filling the pores with silver
nanoparticles, indicating its potential use as a template for the fabrication of nanoparticle arrays.

Keywords: porous silicon; electrochemical etching; parasitic layer; reactive ion etching; nanoparti-
cle array

1. Introduction

Porous silicon (PS) represents an intriguing platform to engineer miniature sensors
compatible with Si technology that provide accurate and reliable detection of various
organic molecules in a liquid or gaseous environment. The unique structural and optical
properties of this porous material are easily tuned via the variation of regimes of its
formation during the electrochemical anodization of monocrystalline silicon, which is
the most convenient and affordable method to be used in both a research laboratory and
industrial facilities [1,2].

The anodization of silicon wafers is usually accompanied by the growth of a thin
parasitic layer caused by surface defects (e.g., surface roughness or uneven distribution
of doping atoms) on the initial monocrystalline substrate. This surface layer usually
consists of pores with a lower diameter compared to the pores distributed in the deeper
layer, resulting in the so-called “bottleneck” effect. Therefore, it can strongly affect the
morphology, mechanical, and electrical properties of the final PS-based device [3]. Such
an effect is critical for the mesoporous silicon used to host or to capture nanostructures of
other materials. Many applications imply the full filling of mesopores, which cannot be
achieved due to the presence of the “bottleneck” layer [4]. For instance, mesoporous silicon
is a suitable material for sensing elements because the pore diameters are equal or easily
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adjustable to the size of organic molecules of the analyzed media. However, the parasitic
layer can hamper their incorporation and diffusion within the porous matrix. Therefore,
there is a need for the removal of the parasitic layer or prevention of its occurrence to
provide a high loading effect of the PS sensing components [5]. Various methods to achieve
this objective through the destruction of the “bottleneck” are reported. Among them,
such methods as chemical dissolution [6,7], oxidation of PS followed by silicon dioxide
removal in hydrofluoric acid (HF) [8], electropolishing, and plasma etching [9] have been
demonstrated. Plasma etching is characterized by several advantages in comparison
to other techniques [9]. The structural, chemical, electrical, and optical properties of
the PS samples not subjected to the “bottleneck” layer removal have been thoroughly
characterized and reported in [2,10,11]. However, the features of the final porous material
free of the parasitic layer have not been sufficiently studied, despite their strong influence
on the efficiency and reliability of the final devices containing PS components.

In the present work, PS was fabricated by electrochemical anodization at different
formation conditions (HF concentration in the electrolyte and current density), and the
parasitic layer was removed by reactive ion etching (RIE).

We present a comprehensive study of PS morphology and optical properties before
and after the pore opening process provided via the removal of the parasitic layer. This
work included the determination of the thickness, pore size, and pore density of the PS
layers, its surface wettability, and reflectivity. The reflectance spectra of the PS layers were
used to calculate the average refractive index. The influence of the HF concentration in the
electrolyte and current density on the original size of pores was studied to define optimal
conditions to produce nanostructures that can be used as templates for metal nanoparticles’
(NPs) deposition.

2. Materials and Methods

Antimony-doped Si (100) wafer (Siegert Wafer, Aachen, Germany) with the resistivity
of 0.008-0.02 ohm-cm was used for the PS formation. Before etching, the native silicon
dioxide was removed in a low concentration (4 wt.%) hydrofluoric acid (Fluka, Seezle,
Germany) solution. The electrochemical etching for the PS formation was carried out in
an aqueous HF solution at different concentrations (5, 10, and 20 wt.%) for 90 s. Current
density (j) was varied from 20 mA/cm? to 200 mA /cm?. The removal of the parasitic
surface layer was performed using RIE for 5 min in a 50 sccm gas flow of SFg at 20 mT
pressure, 40 V bias voltage, and 500 W ICP (inductively coupled plasma) coil power (Vision
LL-ICP, Plasma-Therm, Lomma, Sweden). After the RIE process, all the PS samples were
cleaned in an ultrasonic bath in chloroform for 5 min to remove the oil that was used to
bond them to a carrier wafer. Just before the characterization, the PS layers were treated
with the diluted HF solution for a few seconds to remove oxidized areas.

The morphology and thickness of the PS samples were investigated using a scanning
electron microscope FEI Quanta 200 FEG (FEI, Hillsboro, OR, USA) and analyzed using
Image] software [12]. A drop shape analyzer DSA 25 (Kruss GmbH, Hamburg, Germany)
was used for determining the water contact angle of the samples. The sessile drop method
was applied for the contact angle determination.

Optical reflectance spectra of the PS layers were collected in the 400-800 nm spectral
range with an optical microscope Olympus equipped with a fiber-optic spectrometer
AvaSpec-2048 (Avantes, Apeldoorn, Netherlands) with 1.4 nm resolution.

To check the possibility to use PS as a template for the metal nanoparticles’ deposition,
spherical silver nanoparticles of 62 nm diameter with ~10% standard deviation in size were
synthesized according to a previously described method [13]. In brief, the procedure of
nanoparticles’ synthesis consisted of two typical steps. At first, 100 mL of seed solution was
prepared using 0.05 mM of tannic acid (TA) (Sigma-Aldrich, China), 5 mM of trisodium
citrate (TC) (Lach-Ner, Neratovice, Czech Republic) and 0.025 mM silver nitrate (AgNO3)
(Girochem, Tepli¢ka nad Vahom, Slovenia) in Milli-Q water (Merck, Massachusetts, USA).
Afterwards, the particles’ size was tuned in the second synthesis step-growth of the seeds.
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For this procedure 19.5 mL of seed solution was mixed with 16.5 mL of water and heated
under the 90 °C. Then 500 mL of TC (25 mM), 1.5 mL of TA (2.5 mM) and 1 mL of AgNO3
(25 mM) were added and kept heated and stirred for 30 min. The second step was repeated
three times until the required nanoparticles’ size was achieved. Synthesized silver NPs
were deposited on PS by a capillary-assisted particle assembly (CAPA) procedure [14,15].

3. Results and Discussion
3.1. Surface Morphology

Scanning electron microscopy (SEM) top views and the pore diameter distribution
of the standard, pre-polished, and RIE-treated PS samples are shown in Figure 1. The
“standard” PS was fabricated using 10 wt.% HF solution at 100 mA /cm?, whereas the
“pre-polished” PS sample was additionally subjected to primary surface electropolishing at
a current density of 3 A/cm? for 1 min.

®
&

d Standard

% [0 Pre-poiished
[ RIE-treated
” |
® :
s 20
B \
£

10 I
; \ T‘E:ﬂiJ b,

0 10 20 30 40 5 60 70 80 90 100
Pore diameter, nm

Figure 1. Scanning electron microscopy (SEM) top views of porous silicon (PS) formed in 10 wt.% hydrofluoric acid (HF)
solution at 100 mA /cm? current density: (a) standard, (b) pre-polished, and (c) standard after reactive ion etching (RIE).
The scale bar is 500 nm. (d) Pore size (diameter) distribution of the corresponding samples.

According to the SEM top-view images of the PS surface, one can see that the
single-step electrochemical anodization process produces at least two different layers.
The first layer is composed of small pores with a diameter of 15-20 nm that are irregu-
larly shaped and randomly arranged. These pores are separated by silicon walls of the
nanoscaled thickness (Figure 1a). A similar layer is observed on the pre-polished sample
(Figure 1b). This layer has nearly the same surface morphology, but the size distribution of
pore diameters becomes broader, and the number of “black” pores increases in comparison
to the standard PS sample morphology (Figure 1a). It seems that the polishing procedure
before the electrochemical anodization minimizes the number of defects on the surface,
but some of them are still present and contribute to further PS formation. The pore size
distribution determined for the sample after RIE (Figure 1c) indicates that the parasitic
“bottleneck” layer was removed and the second layer with a mean pore size of 60-70 nm
was uncovered (Figure 1d).

Figure 2 shows the SEM images of one set of the PS samples before and after RIE,
formed at j = 60 mA /cm? in 5 wt.%, 10 wt.%, and 20 wt.% HF solutions. The morphology
of the RIE-treated PS formed in the electrolyte with 5 wt.% (for all samples) and 10 wt.% HF
(at high current density) mostly looks smooth, and only a slight increase in the roughness
of the PS indicates isotropic etching of the top layer. The surface of the samples made at
10 wt.% HF at a low current density (20-60 mA /cm?) and for all samples made in 20 wt.%
HF is characterized by the formation of a porous layer, which consists of islands that make
the surface rough. These substrates seem to be much less sensitive to liquid substances or
nanoparticles loading into PS than the others with higher pore density.
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Figure 2. Top view of initial PS (on top) formed at j = 60 mA/ cm? in the electrolyte with HF concentration 5 wt.%, 10 wt.%,
20 wt.%. Top view and cross-section of the same samples after RIE treatment (at the bottom). The scale bar is 500 nm.
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In addition, these results demonstrate that RIE is a suitable method to remove the
surface layer without damaging the inner morphology of the formed PS layers (Figure 2).

In general, the pores look uniform throughout the analyzed areas. The mean pore
diameter and the density of the pores are presented in Figure 3. One can see that the mean
diameter increases with the rise of current density. This linear dependence is followed
until some critical value of current density is reached and the pore size starts to decrease. It
should be noted that the critical current density value depends on the HF concentration, i.e.,
for 5 wt.% HF solution, the maximum pore diameter of ~130 nm is reached at 60 mA/cm?,
whereas for 10 wt.% HF solution a 160 nm pore diameter is observed at 140 mA /cm?.
These regularities can be explained by changes in the mechanism of PS formation by
anodization [16]. At high current densities, the produced pores become spatially irregular,
and a sponge-like structure is formed. The Si skeleton becomes thinner, and the pore density
increases. Further increase in the current density leads to the electropolishing process.
Moreover, the electropolishing can be predicted by the pore density value, e.g., we have
experimentally confirmed that in 5 wt.% HF solution this process starts at 100 mA /cm?,
and for 10 wt.% HF, current density must be higher than 400 mA /cm?.
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Figure 3. Dependence of the mean diameter (filled symbols) and pore density (empty symbols) on
the applied current density of the PS samples formed at different HF concentrations.

The PS thickness growth rate was determined from the cross-section analysis of SEM
images. It was established that the rate of the layer thickening is in direct dependence on
the applied current density. At the same time, we can observe that thicker layers were
created at higher HF concentrations during the same process time (Figure 4). The analysis
of the thickness of the RIE-treated PS layers shows that the RIE process runs slower for
PS with lower pore density. The RIE speed sharply increases for the samples fabricated in
5wt.% HF at j =80 mA/ cm? due to the high density of pores (which reaches up to 96%)
and thin Si walls. After the RIE, we observed that the most moiety of the PS layer was
removed and the thickness of the produced structure was about 500 nm, whereas the initial
thickness was about 2.6 pum.
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Figure 4. The PS thickness dependence on applied current density during electrochemical anodization

in different concentration HF solutions. Initial PS samples are marked with filled symbols, RIE-treated

samples with unfilled symbols.

3.2. Surface Wettability

The surface wettability is an essential surface characteristic in the case when the PS
is designed to be used as a component of a sensor. Figure 5 shows that the PS hydropho-
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bicity is much higher than that of the monocrystalline Si, for which the contact angle was
measured to be 91° (Figure 5b).
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Figure 5. The contact angle of the PS samples before and after RIE. (a) the dependence of water
contact angle on the current density applied during the anodization process of porous silicon. Initial
PS samples are marked with filled symbols, RIE-treated samples with unfilled symbols; (b) water
contact angle measured on bare Si and (c) on RIE-treated PS formed in 10 wt.% HF solution at

j =200 mA/cm? (contact angle value is indicated with the “*” mark in the graph).

The contact angle of the standard PS samples looks to be smaller than the contact
angle of RIE-treated samples, but it shows the same behavior in dependence on the current
density, i.e., the PS hydrophobicity increases with the increase of current density. The contact
angle value changed from 112° to 133°, from 108° to 127°, and from 102° to 118° for the PS
samples formed in 5 wt.%, 10 wt.%, and 20 wt.% HF solutions, respectively. The contact
angle of the RIE-treated PS samples formed in 5 wt.% and 10 wt.% HF solution increased
from 122° to 141°, and from 116° to 152° respectively (Figure 5a). In the final case, the PS
layer formed in 10 wt.% HF and at j = 200 mA /cm? (marked in the graph) demonstrates the
superhydrophobic effect as the contact angle is greater than 150° (Figure 5c).

In the case of the RIE-treated PS substrate formed in 20 wt.% HF solution, no clear
dependence of the contact angle on the current density was observed. Such an effect is
interplayed with the rough surface morphology that was found to be almost independent
on the applied current density.

The results illustrate that in all the cases when the PS was produced using the HF
concentrations lower than 20 wt. %, the contact angle (or wettability of the surface) can
be easily adjusted using different current densities applied in a course of the anodization.
Moreover, RIE contributes to an additional increase in the contact angle.

To successfully use the PS as a template for nanoparticles” assembly by CAPA, the
contact angle of a suspension of nanoparticles and the substrate must be properly tuned
to achieve a high assembly yield. According to several studies [17-19], the value of the
contact angle ensuring a successful assembly is in the range from 30° to 75°. In the PS case,
such conditions can be set by reducing the free surface energy using surfactants [20] or
changing the template wetting behavior by oxidation [21], oxygen plasma treatment [22],
or functionalization [23].

3.3. Optical Properties

Optical characterization of the PS layers, especially the investigation of the refractive
index, is the most important task for further development of photonic sensors based on
this porous material [24]. It is known that the PS surface layer consists of silicon crystallites
and pores that contribute to diffuse scattering and final reflectivity.
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Reflectance, %

The measured PS reflectance spectra (for samples formed at 5 wt.% and 10 wt.% HF)
show a series of interference fringes that correspond to the constructive and destructive
interference of the reflected light from air/PS and PS/Si interfaces that are also called Fabry—
Pérot interference fringes (Figure 6). Using the Fabry-Pérot interference principle [25], the
effective optical thickness (EOT) 2npgL was evaluated and then the value of the average
refractive index (npg) was extracted from EOT using the value of PS layer thickness
(L values were taken from Figure 4). The results obtained are presented in Table 1. The
frequency of the interference fringes strongly depends on the air fraction values in the
PS structure [26].

100 100

—— initial 5wt.% inited 10 wt.% 20 wt.% —— initial
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Figure 6. Reflectance spectra of initial PS (solid line) and RIE-treated (dashed line) formed at j = 60 mA /cm? in the electrolyte
with HF concentration of 5 wt.%, 10 wt.%, 20 wt.%.

Table 1. The Average Refractive Index of Initial and RIE-treated PS.

Current Density (mA/cm?)

HF Conc.
20 40 60 80 100 120 140 200
) initial 321 248 139 120 - . 2 :
TW T lEteated 335 250 141 157 - - " 2
) A 324 314 299 273 240 213 210 201
WRER i treated - 317 297 287 272 220 217 204

The refractive index was calculated for the samples made using 5 wt.% and 10 wt.%
HEF electrolytes. According to Table 1, the refractive index decreases with the increase of the
applied current density, and this is usually related to the increase of pore density (poros-
ity) [27]. The exception is observed for the PS sample formed in 5 wt.% at j = 80 mA/ cm?,
where the refractive index increases sharply. We attribute this to the contribution of Si
to the reflection spectra due to the small amount of the remaining PS after etching (see
Section 3.1). In general, the RIE-treated samples are regarded as a single-layer structure,
whereas the initial samples are considered to be multi-layer consisting of the layers with
different porosity. In most cases, the refractive index value of the initial PS samples is
slightly lower than that of RIE-treated samples. This can be explained by the presence of a
highly porous surface parasitic layer that contributes to the refractive index and decreases
its value. Only in a single case (10 wt.% HF; j = 60 mA/cm?), the refractive index of the
RIE-treated PS sample is smaller than the value of the initial PS sample, but the difference
is rather small, and it could be attributed to the thickness estimation errors.

The reflectance spectra of the initial PS samples prepared in 20 wt.% HF solution
(Figure 6) look similar to the spectrum of the bare silicon. We assume that the porosity of
these samples is so low that we cannot observe any major changes in their optical properties.
The RIE-treated PS reflectivity is characterized by a lower intensity due to the scattering
effect that occurs on a rough surface. In both cases, the reflectance spectra demonstrate
fringes with a very low amplitude that are hardly distinguished and cannot be used for
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further determination of optical parameters. The optical parameters were not determined
for the sample formed in 10 wt.% HF and j = 20 mA /cm? due to the same difficulties.

3.4. Reactive lon Etching (RIE) Etched Porous Silicon Templates for the Nanoparticles” Deposition

The “bottleneck”-free PS substrate has great potential as a template, which provides
a precise definition of shape, size, and spatial location of different nanostructures for the
development of radically new metamaterials with outstanding magnetic, optical, catalytic,
and other features. As a proof of concept of this work, we demonstrated how the meso-
porous silicon with pores opened by the RIE treatment can be used for ordered embedding
of spherical silver nanoparticles possessing the prominent surface plasmon resonance
(SPR) in the blue range of the optical spectrum. In particular, this property is in high
demand to design and engineer components of Si-based devices for photovoltaic and
sensing applications.

In our work, we deposited silver nanoparticles on the PS samples made in 10 wt.% HF
solution and at j = 100 mA /cm?. Silver nanoparticles with a mean diameter of 62 nm with
~10% standard deviation in size were used. The diameter of the spherical silver nanoparti-
cles was selected in accordance to the pore size of the developed PS sample and based on
the research showing the successful use of such particles’ size in sensing experiments [28].
The CAPA method [14] was selected for the silver nanoparticles” deposition. Namely this
approach provides the most controlled distribution of the colloidal nanoparticles over a
template’s surface compared to other techniques (e.g., drop deposition). The PS surface af-
ter the silver nanoparticles’ deposition is shown in Figure 7 (the top view of the RIE-treated
PS sample before NPs implementation is presented in Figure Ic). To show the importance
of surface morphology on the deposition yield the particles were applied on the initial
sample and on RIE-treated sample in the same conditions (Figure 7). In both cases similar
silver nanoparticles were used. The PS sample not subjected to the RIE treatment provided
anchoring of the silver nanostructures in some places around the sample surface but their
distribution was uneven (Figure 7a). Due to a mismatch of pore and silver nanoparticle
diameter, all the particles were distributed on the top of the surface. On the other hand,
when the surface layer was etched away, the silver nanoparticles penetrated nearly all the
pores (pore entrance filling factor was ~85%). It should be noted that in rare cases, a few
nanoparticles occupied one pore or were displaced to the edge of the pore. It should be
highlighted that the removal of the “bottleneck” layer led to opening the structure that
provided deposition of the highly ordered ensemble of the silver nanoparticles divided
by the silicon walls of the nano scaled thickness. The final structure had the prospect of
possessing an extremely intensive electromagnetic field in the spots of silver nanoparticle
and silicon wall contact, due to plasmonic coupling between metallic nanoparticles and
semiconductor [29]. What is also important, the distance between the nanoparticles can be
tuned as well as the pore size and particle diameter by varying anodization and synthesis
conditions, respectively.

Figure 7. Top view of the initial (a) and the RIE-etched PS (b) made in 10 wt.% HF solution and at
j =100 mA/cm? after Ag nanoparticles deposition. The scale bar is 500 nm.
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4. Conclusions

We demonstrated that RIE is an efficient method for the removal of the parasitic
surface layer without damaging the morphology of the PS. The analysis of the electrochem-
ical anodization conditions revealed that the properties of the PS (pore size and density,
refractive index, wettability) can be tuned in a wide range. Changing the current density
and HF concentration during the electrochemical etching process enables the pore size to
be managed in a range from 10 nm up to 160 nm. We showed that the surface wettability is
in a good dependence on current density and by selecting proper conditions we can create
hydrophobic (100°) or superhydrophobic (152°) structures. The optimal HF concentration
for the creation of porous structures was determined to be in the range of 5-10 wt.%,
whereas PS formed at 20 wt.% HF concentration comprised of islands that reduce the
flatness of the surface. The RIE-etched PS sample formed at 10 wt.% HF solution was
shown to be a favorable template for the CAPA deposition of the highly ordered array of
the 62 nm size silver nanoparticles divided by silicon walls with the filling factor of ~85%,
which are expected to possess prominent plasmonic properties and present the object of
a future study. The selection of the described electrochemical etching conditions allows
us to create templates with a variable pore size and to adapt the surface morphology to
nanoparticle deposition.
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Molecule detection

Routine single-molecule analysis using surface-enhanced Raman scattering (SERS) is still out of reach using
conventional substrates based on corrugated metallic surfaces. Tailoring the substrate to a specific excitation
wavelength is an effective way to improve the SERS enhancement factor. Here, we present a comprehensive
theoretical and experimental study of wavelength-tailored SERS substrates with improved sensitivity, exploiting
the surface lattice resonance (SLR) in a plasmonic lattice comprised of assembled Ag nanoparticles. We tuned the
SLR close to 532 nm and evaluated its effect on SERS. We found that SLR-based substrates had 10 times overall
higher sensitivity and 100 times higher sensitivity at the target length compared to tuned counterparts.
Furthermore, we compared monomer and tetramer unit cell cases and found that the combined effect of tuned
SLR and hot spots further improves the enhancement factor more than 400 times over a substrate with a random
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layer of nanoparticles.

1. Introduction

Raman scattering spectroscopy is a powerful analytical method, but
it is based on inefficient scattering of Stokes-shifted light. Therefore, it
requires high-intensity laser illumination, especially to detect low ana-
lyte concentrations. This drawback can be partially circumvented by
exploiting elaborated surface nanostructures that enhance the exciting
electromagnetic field, i.e., using surface-enhanced Raman spectroscopy
(SERS) which has become an important field of study. It found multiple
applications requiring high sensitivity to elemental surface composition,
such as electrochemistry, catalysis, biology, medicine, art conservation,
materials science, and others [1,2]. SERS achieves high sensitivity,
resolving as little material as a single molecule, by exploiting (i) elec-
tromagnetic enhancement associated with localized surface plasmon
excitation in metal nanoparticles (NPs) or nanostructures and/or (ii)
chemical enhancement due to electron transfer to/from metal nano-
particles from/to target molecules [3]. Additional improvement can be
achieved by employing electromagnetic hot spots — geometric

* Corresponding author.

configurations that can locally amplify the electromagnetic field up to
10 orders of magnitude [4,5], e.g., sharp features on single nano-
structures, nanogaps between nanostructures, etc.

Conventional SERS substrates are usually based on corrugated
irregular metallic surfaces or aggregated colloidal nanoparticles [6,7] of
noble metals, mainly silver, gold, or their alloys. Highly effective SERS
substrates with various nanogaps were demonstrated using colloidal
lithography and reactive ion etching [8]. In [9] it was demonstrated that
monodisperse, atomically smooth Ag polyhedral with controlled inter-
particle gaps can result in reproducible SERS enhancement factors (EF)
but required a careful alignment to small areas with nanoparticles. In-
dustrial applications, where Raman spectroscopy is used as a routine
process, need effective and low-cost SERS substrates that enable repro-
ducible and stable measurements on a large area substrate.

The enhancement usually covers a certain wavelength band related
to the localized surface pl T e (LSPR) of the nanostructures
and can vary across the substrate. Thus, commercially available SERS
substrates are recommended to be used at different laser excitation from
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514 nm to 782 nm (www.sersitive.eu/shop/silver-s/; www.
oceaninsight.com/products/sampling-accessories/raman/sers/sers/).
However, silver-based substrates demonstrate the highest sensitivity at
shorter wavelengths and lower enhancement at longer. Besides tuning
plasmon resonance to obtain the maximum sensitivity of the substrate at
the required wavelength (for example 785 nm which is mainly used for
biomolecules study) is difficult due to manufacturing limitations.

Light scattered by plasmonic nanoparticles arranged in a lattice can
couple to photonic modes enabled by array [10]. This results in an
extreme reduction of the spectral linewidth and an improvement of the
resonance quality factor [11]. This resonant effect, called plasmonic
lattice resonance (or surface lattice resonance — SLR), finds multiple
applications [12] including nonlinear optics [13], photovoltaics [14],
data storage [15], biosensing [11], plasmon-based lasers [16], and
surface-enhanced fluorescence [17]. The wavelength of the SLR is
tunable because it depends on the interplay between the LSPR and the
Rayleigh anomaly. The former depends on the scatterer size, shape, and
material, while the latter is related to the ph ic structure p
such as the lattice type and pitch. Therefore, the resonant properties of
the structure can be tuned by varying the size of the nanoparticles, the
lattice periodicity, and the refractive index of the surrounding medium
[18]. Such nanoparticle arrays were recently demonstrated as very
efficient SERS substrates [18-20]. A two-fold increase in SERS EF was
reported when the SLR position generated by nanoparticle clusters in an
array was tuned to the laser excitation by stretching the polymer sub-
strate, resulting in 107 EF at the target wavelength [19,21].

Currently, a variety of different nanofabrication techniques, such as
electron beam lithography, focused ion beam lithography, and nano-
imprint lithography are used to produce high-quality factor SLR nano-
particle arrays [22,23]. Recently, we have presented a
capillarity-assisted particle assembly method (CAPA) to deposit mono-
disperse single-crystal colloidal Ag nanocubes with a high level of
long-range positional control at the single-particle level into nearly
defect-free > 1 em? hexagonal and square lattices [24,25]. In the latter,
the SLR peak was tailored from 522 nm to 585 nm by depositing
chemically synthesized monodisperse AgNPs in 300-400 nm lattices
pitch [25]. It is possible to produce large-area nanoparticle arrays with a
controllable number of particles per deposition site by matching the NP
and trap sizes and using a templated assembly method such as CAPA
[26]. The low-cost structures and the direct application as SERS sub-
strates targeted for a specific excitation wavelength or Raman peak
without the need for substrate deformation control like in [19] are
important parameters for SERS substrate commercialization.

In this work, we present wavelength-tailored SERS substrates
enabled by the SLR. We produced them using the CAPA method and
tuned the resonant response to match the 532 nm excitation wavelength
commonly used in Raman spectroscopy. We characterized our substrates
using lasers covering the 442 nm, 533 nm, 632 nm, 785 nm, and 832 nm
wavelength range and discuss the effect of the overlap between the
excitation wavelength and the SLR peak on the EF and the detection
limit of the 2-Naphthalenethiol (2NT) analyte. Our results indicate that
the SERS activity of the substrates was enhanced when the SLR peak and
excitation wavelength matched. In addition, we show the contribution
of hot spots created by multiparticle unit cells. Four nanoparticles per
unit cell demonstrated orders of magnitude stronger SERS enhancement
compared to single particle assemblies and a uniform layer of nano-
particles. Our results pave the way for large-scale, efficient SERS sub-
strates that can be tailored to target molecules or excitation wavelengths
for superior sensitivity and reproducibility.

2. Materials and methods
2.1. Nanoparticle synthesis

The synthesis of silver nanoparticles was carried out using the
seeded-growth method [27] in which a complex of tannic acid (TA)

Sensors and Actuators: B. Chemical 394 (2023) 134418

(C76Hs52046) and trisodium citrate (TC) (CgHsNazO7 *2 H0) is used.
The method enables control over the nucleation, growth, and stabili-
zation processes, which leads to reproducible monodisperse silver
nanoparticles (Ag NPs). Spherical nanoparticles with a diameter of 77
nm + 4.5 nm and 88 nm + 5.2 nm (Fig S1) were synthesized and
functionalized by Polyvinylpyrrolidone (PVP, average MW ~ 55,000)
for better stabilization during CAPA deposition. Before deposition, the
concentration of the nanoparticles was increased by up to 10 times and
the solvent was exchanged and mixed with ethanol and dime-
thylformamide (DMF) in a 1 / 2 ratio.

2.2. Polymer template fabrication

The templates for CAPA deposition were made of poly-
dimethylsiloxane (PDMS) by replicating a 20 mm x 20 mm Si mold. The
latter was fabricated using electron-beam lithography (eLine plus,
Raith) and reactive ion etching (Vision LL-ICP, Plasma-Therm). The
pattern consisted of a square array of 180 nm diameter, 100 nm tall, and
330 nm centre-to-centre spaced round pillars. The Si mold was func-
tionalized with trichloro-(1 H,1 H,2 H,2 H-perfluorooctyl)-silane (Alfa
Aesar) to prevent bonding with PDMS in subsequent soft-lithography
replication cycles. 20 ml drop of 10:1 mixture of polymer base and
curing agent (Sylgard 184, Dow-Corning) was dispensed on the Si mold
and covered by a glass coverslip. The sample was cured at 100 °C for 35
min in the oven. After cross-linking, the glass coverslip with patterned
PDMS film was separated from the mold [24].

2.3. Capillarity-assisted particle deposition

Capillarity-assisted particle deposition was performed using a
custom-made setup equipped with a motorized linear precision trans-
lator (LS-110, PI Micos), a temperature control system (TEC-1090,
Meerstetter Engineering GmbH), and an optical microscope system
(BX51, Olympus) with a CCD camera (QImaging, Micropublisher 3.3)
[28]. The PDMS template was placed on the moving stage, and 100 pl of
Ag NPs solution was dispensed and confined by a fixed microscope slide.
The speed of the stage was kept at 1 pm/s and the sample holder tem-
perature controlled by the thermoelectric controller was set the 21 °C
and 30 °C above the dew point for single- and multi-particle assembly,
respectively.

2.4. Characterization techniques

Scanning electron microscopy (Quanta 200 FEG, FEI) at a low vac-
uum in a water vapor atmosphere was used for the imaging of NPs on
insulating PDMS substrates and transmission electron microscope (Phi-
lips, CM200) at a high vacuum for i of colloidal particles
after PVP functionalization. The UV-vis transmittance and absorbance
spectra of the fabricated array of nanoparticles on the PDMS substrate
were recorded using an optical fibre-coupled spectrometer (AvaSpec-
2048, Avantes; resolution 1.2 nm) and a custom-made collimated light
source covering the 400 — 800 nm spectral range [29]. SERS mapping
was performed using a multiwavelength Raman microscope (Renishaw,
Wotton-under Edge) equipped with a thermoelectrically cooled CCD
detector. Samples were excited and spectra were collected using the
following combinations of laser wavelengths and gratings: 442 nm
(2400 lines/mm), 532 nm (1800 lines/mm), 633 nm (1800 lines/nm),
785 nm (1200 lines/nm), and 830 nm (830 lines/mm). The 20 pm x 20
um surface area was mapped with a step size of 1.5 um. A 50 x /0.75 NA
(Leica) objective lens focused laser light to ca. 0.8-1.4 pm size spot on
the surface depending on the wavelength used. Organic molecule
2-Naphthalenethiol (2NT) was chosen as the target molecule for the
substrate’s SERS-activity investigation because of its self-assembling
monolayer ability.
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2.5. The Raman scattering enhancement factor

The Raman scattering enhancement factor (EF) was calculated ac-
cording to the following equation:

_ Lsers X Ng

EF = 5
I % Nsegs

[¢)]

where Igggs is the measured integrated SERS intensity of the substrate
adsorbed 2NT monolayer; I is the measured integrated intensity of the
Raman scattering from a bulk sample; Ngggs is the number of molecules
under laser illumination at the surface; Ny is the number of molecules
under laser illumination in a bulk compound solution.

SERS intensity was determined by averaging all acquired spectra on
a selected map followed by backg d extraction and then calculating
the intensity at 1377 cm™ by fitting the obtained spectrum with the
Gaussian-Lorentzian shape component. To determine the enhanced
Raman intensity, 2.5 mM of 2NT solution in ethanol was measured in a
1 cm thick quartz cell by using the 5 x /0.12 NA (Leica) objective lens.
The method to calculate EF is d in the refe e[30]. We d
that the surface of the Ag NP array was fully covered by a monolayer of
2NT when one 2NT molecule occupies 21.6 A? surface area (A%/mole-
cule) [31]. The instrumental response at different laser wavelengths was
taken into account and all the calculated data is present in Tables $2-54.

2.6. Simulations

FEM modelling was performed using COMSOL Multiphysics using
the wave optics module. A two-way periodic boundary condition was set
to simulate the square pattern. First, a unit cell with a width of 330 nm
with one ticle per trap ( ) was delled and the
diameter of the particles was varied from 40 nm to 100 nm, with a step
of 10 nm. Real samples were modelled by building the unit cell based on

SEM using a with 88 nm and a tetramer — four
ticles — with a di of 77 nm each. Finally, a spherical
a
| & [l
@ ¥ Drop of Ag
nanoparticles
@ ~90 nm
«~80 nm

PDMS template
with traps

Capillarity-assisted particle
assembly

Unit cell
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computational domain with perfectly matched layers (PML) was
impl d for isolated and tetramer structure calculations.
The optical constants of Ag were taken from [32].

3. Results and discussion

Laser light in the green color range is considered less destructive
when used for the detection of organic molecules by Raman spectros-
copy. Therefore, we focused on developing a SERS-active substrate
featuring an SLR peak (4sr) close to 532 nm (4gy). SLR manifests itself as
a narrow dip in the transmittance spectrum of a plasmonic nanoparticle
array and can appear when in-plane diffracted waves (Rayleigh anomaly
(RA)) constructively interfere with light scattered by the nanoparticles
(LSPR). The position and linewidth of the SLR depend on the spectral
overlap between the LSPR and the RA and are observed most easily
when the RA is redshifted from the LSPR. The relationship between the
RA wavelength and the periodicity of a square array (A) at normal
incidence is described by a simplified diffraction equation:

Apa = An, (@3]
where A, is the RA wavelength; A is the array pitch;n is the refractive
index of the medium (for PDMS n = 1.425). Taking into account our
previous results [24], we chose a square lattice A = 330 nm with Ags in
PDMS at 470 nm (Fig. 1) to obtain a reasonably intense peak close to
532 nm.

The simulated results (Fig. 1c) show how igig depends on the
di of the ticles. The SLR peak redshifts and its FWHM
increases with increasing NP diameter [33]. 90-100 nm diameter
nanoparticles show Zgr close to the target of 532 nm. Based on this and
our previous work [25] (the edge length of nanocubes used in our pre-
vious experiments was converted to the effective radius of spherical
nanoparticles), we selected Ag NPs with a diameter of 88 nm + 5.2 nm
to assemble into arrays. These nanoparticles have a dipolar LSPR peak in
solution at around 460 nm (Fig. S1a) that overlaps the iga of the 330 nm

| Monomer structure

Il Tetramer structure

Transmittance, a.u.

550
Wavelength, nm

600 650

Fig. 1. Ag nanoparticle arrays produced using the capillarity-assisted particle assembly method feature the surface lattice resonance. (a) Assembly of Ag NPs into
monomer and tetramer arrays using CAPA and a typical sample used for Raman analysis. (b) Structure of the plasmonic lattice on PDMS substrate with excited SLRs
at a certain wavelength supported by AgNPs array. (c) 3D model of the unit cell used to simulate a square array of nanoparticles in traps; simulated transmittance
spectra showing SLR peaks generated by arrays of single Ag NPs from 40 to 100 nm in diameter.
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square lattice. An SEM micrograph of the assembled plasmonic structure
is presented in Fig. 2a, where the traps in a structured PDMS substrate
are filled primarily by single nanoparticles (we call these structures
monomer assemblies). Fig. 2a depicts the simulated electromagnetic
field enhancement by an isolated nanoparticle (perfectly matched
boundary conditions) and the particle in the array (periodic boundary
conditions). Strong near-field is observed in both cases, with 4.2 and
14.7 times enhanced field at 532 nm wavelength in the isolated nano-
particle and array cases respectively. The experimental and calculated
Jsir are in good qualitative agreement (Fig. 2b). The experimental dip in
the transmittance spectrum is wider and slightly red-shifted. It might be
caused by the presence of the defects stemming from the self-assembly
nature resulting in an empty trap, random two-three nanoparticles per
trap. The dispersion of the nanoparticle size (Fig. S1), and their posi-
tioning inaccuracy as seen in the SEM image (Fig. 2a). Assemblies of
several nanoparticles per trap using the CAPA method are possible
because of the ratio between the trap diameter and nanoparticle size
[26]. The spectral position difference between experimental ig;g and Agx
in monomer assemblies is 9 nm (Fig. 2b).

We used these substrates to detect 2NT with a few different excita-
tion wavelengths (Fig. 2c). The concentration for the initial evaluation
was 10~* M because it produced a clear spectrum of the target molecule.
We selected the most intense Raman band at 1377 cm ™! related to the
ring deformation (Table S1) to analyze the contribution of SLR to the
enhancement. The analytical EF was estimated by averaging SERS signal
intensity over the scanned area and evaluating it to the SERS signal of
single molecule per unit values of the measurement. The data and
detailed description of the analytical EF calculations are presented in the
Supplementary material. The intensity of the 1377 cm ™! band and the
corresponding analytical EF showed a good correlation with the overlap
of Agir and Agx (Fig. 2b). As expected, we observed the strongest intensity
of the peak when excited by igx = 532 nm resulting in an analytical EF of

Monomer
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6.1-10° which gradually decreased as the laser excitation was detuned
from the SLR.

SERS enhancement is often attributed to electromagnetic hot spots
that form in small gaps or around sharp features. To investigate a
possible improvement of the analytical EF in our substrates, we assem-
bled 77 nm diameter nanoparticles on the same template but made sure
that they formed multiparticle assemblies by careful tuning of the as-
sembly process (Fig. 2d). Smaller nanoparticles were chosen to create
the tetramer structure (four particles per trap) and to keep the Ag g close
to the target Agx. We assume that the nanoparticles were separated by a
few nanometers due to the PVP layer as measured in the TEM images
(Fig. $2).

We modelled this structure using the same methods and parameters
as for the monomer structure. The electromagnetic field at Agy is strongly
localized in the gaps between the nanoparticles and is enhanced 49.4
and 65.9 times in isolated and periodic tetramer unit cell cases respec-
tively (Fig. 2d). The latter is approximately 4 times higher compared to
the monomer unit cell (Fig. 2a). The simulated Ag; g emerged at 579 nm
and closely matched the experimental peak at 583 nm (Fig. 2e). The
collective plasmonic behaviour of the structure caused the red-shift and
widening of the SLR. This follows the theory of plasmonic hybridization
[34,35] where plasmonic nanoparticles in close proximity act as one
larger particle with red-shifted LSPR. These results are in line with the
previously reported effect of the cluster size on the SLR peak position in
a periodic structure [36].

As seen in Fig. 2d, near-field coupling between nanoparticles is
observed in both isolated and periodic tetramer structures, but the
electromagnetic field is more intense in the latter case. The experimental
transmittance spectrum of the tetramer-based structure (Fig. 2e) is a bit
wider than the simulated result because of the non-ideal structure.

Like the monomer assemblies examined before, the intensity of the
Raman peak increases as the difference Algi g — gyl decreases (Fig. 2f).
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Remarkably, it is almost 4 times more intense compared to the monomer
assembly measured under identical conditions (Fig. 2¢). The analytical
SERS EF for the tetramer structure demonstrates the same trend, peaking
at Agc= 532 nm with the value of 2.6:10%, which is an order of magni-
tude higher compared to the monomer structure. For clarity, the theo-
retically calculated SERS EF that is proportional |E/Eo|* [37,38]
obtained from modeling results in Fig. 2a,d and experimentally deter-
mined analytical EF values are compared in Fig. 3a.

To understand the extremely high analytical EF measured using
tetramers in the array, we formed a monolayer of randomly arranged
NPs (77 nm + 4.5 nm in diameter) on a flat PDMS substrate using the
self-assembled monolayers (SAM) technique [39] (Fig. S4). The SERS
sensitivity of this monolayer was verified in the same manner, using
various laser wavelengths. We found that the random NP monolayer
substrate also show excitation wavelengths dependance peaking at
Agx= 532 nm with analytical EF value of 1.6:10° (Fig. S4c). This
dependence is typical for the LSPR alone based enhancement [40].
However, when we referenced the results of SLR-based substrates to
these measurements, we found that the normalized analytical EF of
monomer and tetramer peaked at Agx = 532 nm with 110 and 465 times
higher, respectively (Fig. 3b). This confirms the strong contribution of
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SLR to the EF and proves that it is possible to tailor these substrates to a
specific excitation wavelength.

After confirming that well-defined NP arrays provide a better per-
formance, we investigated the spatial enhancement homogeneity (i.e.,
reproducibility) of the three SERS substrate types. The variation of the
intensity of the 1377 cm ! band recorded in a randomly chosen
20 x 20 pm area of the monolayer-, monomer-, and tetramer-based
SERS substrates is shown in Fig. 4a. The monolayer-based SERS sub-
strate exhibits a large standard deviation value SD = 37.35 % due to the
uncontrolled formation and positioning of the hot spots. The ordered
arrangement of nanoparticles had a reduced deviation but still a
comparatively high SD = 31.81 %. Such relatively high signal variation
is caused due 18 % of defects obtained from a similar size area (Fig. S5)
as analyzed in the Raman maps (Fig. 4a). The tetramer SERS substrate
demonstrated an almost two times lower SD (12.42 %) because of better
control over the distribution and homogeneity of hot spots and reduc-
tion of lattice imperfections.

The spatial Raman scattering intensity fluctuation over the scanned
area evaluated on the tetramer-based structure is in the same range as
other highly homogeneous SERS substrates. The ones made by electron
beam lithography and nanotransfer printing on PDMS exhibited an SD
value of 13 % [41] while plate-guided self- bly gold nano-
cluster arrays [42] and the layered gold nanochips produced by
controllable electron-beam lithography [6] are characterized by SD~ 12
%. The fact that arranged NPs demonstrate better reproducibility than
randomly distributed NPs implies that even lower SERS signal intensity
variations, comparable to a recent report [43], could be achieved via
better Ag NPs size monodispersity.

Fig. 4b shows the full Raman scattering spectra of 2NT molecules
adsorbed on the silver nanoparticles on the substrate that was already
discussed in Fig. 2. We used the excitation wavelength with the highest
enhancement (532 nm) and investigated concentrations from 10 *Mto
107? M. The spectra feature the typical 2NT vibrational modes listed in
Supplementary material Table §1. The highlighted peaks (1377 cm ™,
1583 cm’l, 1621 cm ') are easily detectable at all concentrations
tested. Therefore, the limit of detection (DL) was determined as 108 M.
The intensity of the background increased at low concentrations because
of the destruction of molecules and the increased contribution of im-
purities. The typical Raman peaks of PDMS listed in Table S1 can be seen
in all measurements, but they do not overlap with the strong peaks
attributed to the target molecule. In summary, the main peaks of the
target molecule were able to be distinguished even at the lowest con-
centration investigated.

In Fig. 4c we plot the intensity of the 1377 em™! peak versus the
concentration indicating the SD of SERS signal fluctuation. The SD is not
indicated for small concentrations marked with an asterisk, as SERS
peaks of target molecules were clearly distinguished from the noise only
in two spectra. The experimental data can be fitted using the Hill
function, which is usually used in biochemistry to describe processes
that involve cooperative binding events [44]. The Hill coefficient ny;
usually describes the number of bond ligands to macromolecules, i.e.
their binding activity or concentration. In our case, we assume that the
Hill function can be applied to study the adsorption activity of 2NT
molecules on our SERS substrates (bonding with Ag NPs through the -SH
moiety). Therefore, Fig. 4b can be interpreted as the change in reaction
velocity between 2NT and Ag NPs. In this way, the ny; for the plasmonic
array with single nanoparticles is 0.498.

Finally, we analyzed the detection limit of the tetramer assembly and
showed the results in Fig. 4b. The typical 2NT Raman bands (Table 51)
are easily visible in the spectra (PDMS peaks are better expressed at low
2NT concentrations). We found that the DL using the tetramer assembly
is 1079 M. Similarly, to the monomer assembly, the I1377 intensity vs.
concentration plot obeys the Hill function and demonstrates nyy;
= 0.525. This suggests a higher efficiency of 2NT bonding to silver
nanoparticles since the surface area is more than 3 times higher
compared to the substrate with monomers. SERS measurements were
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done within 2 months after NP deposition.

Tuning the SLR to the target wavelength by choosing the right
nanoparticle size and lattice pitch increases the substrate’s SERS sensi-
tivity. Compared to the monomer in the unit cell, the tetramer exhibits a
high electromagnetic field intensity in hot spots, which does not increase
drastically, upon switching to a periodic structure, as in the case of the
monomer. Basically, the SERS substrate based on randomly distributed
hot spots is already showing relatively high analytical EF. However, the
observed increase in analytical EF (Fig. 2) and the limit of detection in
tetramer arrays indicate the importance of the spatially controlled hot
spots. This is primarily attributed to the maximum closeness of nano-
particles to each other and secondly to photonic interaction.

4. Conclusions

In summary, we demonstrated SERS-active substrates with tunable
enhancement properties that employ the surface lattice resonance in a
regular structure of silver ticles. Two-di 1 arrays of
monomer and tetramer Ag NP assemblies were produced by capillarity-
assisted particle assembly. The SLR properties were tuned to overlap the
laser excitation wavelength at 532 nm. The fabricated substrates
showed an excitation wavelength-dependent EF response. The highest
enhancement was achieved using the designed laser wavelength close to
the SLR peak position. We used 2-Naphthalenethiol (2NT) analyte
molecule to demonstrate the detection limit which we found at a con-
centration of 10°® M. This detection limit was further improved by
implementing hot spots in the structure in the form of tetramers (four
particles per trap). The tetramer structure showed more than an order of
magnitude higher SERS EF and detected the 2NT down to 10~ M con-
centration. The latter SERS substrate also showed the smallest Raman
signal variation over an area of 20 ypm x 20 pm, reaching a standard
deviation of 12 %. On the basis of these results, reproducible Raman
sensors can be designed for various wavelength regions and relieve the

demand for different sources and detection systems.
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Appendix A. Supplementary material
Wavelength-tailored enhancement of Raman scattering on a resonant plasmonic lattice.

Nadzeya Khinevich*", Mindaugas Juodénas®®, Asta Tamuleviéiené®c, Tomas Tamuleviéius®<,

Martynas Talaikis®, Gediminas Niaura®, and Sigitas Tamulevigius*<"

“Institute of Materials Science, Kaunas University of Technology, 51423 Kaunas, Lithuania
"Physics Department, Chalmers University of Technology, Gothenburg 41296, Sweden
¢ Department of Physics, Kaunas University of Technology, 51423 Kaunas, Lithuania
“UAB Nanoversa, 51423 Kaunas, Lithuania
“Department of Organic Chemistry, Center for Physical Sciences and Technology (FTMC), 10257 Vilnius,

Lithuania

Extinction spectra of the used NP colloids were obtained from the UV-Vis-NIR
measurement (Fig. S1a). Information about the corresponding silver nanoparticle size distributions

(Fig. S1b) was obtained from the SEM micrographs of NPs dispersed on a silicon substrate.
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Fig. S1. Analysis of synthesized Ag NPs. (a) Extinction spectra of synthesized Ag NPs in solution. (b) The mean

diameter and distribution (SD — standard deviation in %) were obtained from the SEM micrograph analysis.
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The list of 2NT and PDMS Raman bonds seen in the experimental spectra referred from

the literature [1,2] are summarized in Table S1.

Table S1 Observed vibrational wavenumbers of 2NT and PDMS measured using Az = 532 nm.

Peak position
2NT[1]
599 cm’!
637 cm”!
764 cm’!
842 em™
940 cm™!
1020 cm’
1067 cm’!
1377 em”
1428 cm”
1450 cm”
1566 cm’
1583 em”
1621 cm”
PDMS [2]
615 cm”!
708 cm’!

Assignments

Ring deformation
Ring deformation
Ring deformation
C-H twist

C-H bend

C-H bend

C-H bend

Ring stretch
Ring stretch

Ring stretch

Ring stretch
Ring stretch
Ring stretch

Si-C stretch
Si-C stretch
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TEM micrograph of the nanoparticles functionalized with PVP is depicted in Fig. S2.

Fig. S2. TEM image of synthesized nanoparticles with a mean diameter of 77 nm. The arrows indicate the thickness

of the PVP capping layer.

Data of 2NT reference Raman spectra acquisition conditions with multiwavelength Raman

microscope (Renishaw, Wotton-under Edge) and SERS measurements are presented in Table S2.

Table S2 Raman Setting parameters.

Objective NA  f,mm  Measurements 2NT contraction (c)

5x 012 14 Raman 2.5 mM (in solution)
50x 0.75 0.4 SERS Molecules absorbed on
the surface of silver
nanoparticles from 10*M

concentration in solution.

Number of measured
molecules

Table S3

calculated with the
condition of formation of a
molecule monolayer on the

metal surface (Table S4)

To analyze the SERS EF of the studied SERS-active substrates, the Raman spectrum of

2NT molecule was registered and the Raman intensity of 1 molecule for unit values of the

measurement parameters was calculated following the process:




1. Raman probe volume [3]:

The probed volume is the volume of the sample irradiated by laser and approximated as a

cylinder (Fig. S3), where 2W¥y is the diameter of the cylinder and 2z is its length.

[N

Fig. 83. The sampling volume in Raman measurements of liquid samples [3].

The 2Wy and 2z are determined using the equations (S1) and (S2) respectively:

aw, =21, (S1
220 = L, ($2)

where 4 — laser wavelength, d — diameter of an unfocused laser beam, f — focal length of
focusing lens.

Then the volume (V) is calculated as follows:

V= (”(2—”"”2) 22,. (S3)

4
1. Number of probed molecules:
Nrotecute = Na X ¢ XV, (S4)

where Na — Avogadro constant (6.022 X 1023 mole™"), ¢ — concentration of molecules in solution.

1II. Raman intensity of one 2NT molecule per unit values of the measurement parameters:
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The Raman intensity of a single molecule is defined as the quotient of the measured
intensity divided by the number of molecules. Also, to calculate the intensity of one molecule
reached during the integration time of 1 s and the laser power of 1 mW, the obtained value must
be divided by the given parameter during the analysis.

Obtained values of the probed volume, the number of probed molecules and the intensity
of single molecules Raman signal per unit values of the measurement parameters are shown in

Table S3.



Table S3 Input data and probed 2NT molecules in solution.

The spectrometer sensitivity drift at different measurements. The ratio of silicon’s 520 cm™ mode

(Isi prior SERS divided by Is; prior Raman measurement).

Laser wavelength, nm 442 532 633 785 830
Monolayer 0.34 2.63 2:56 1.44 3.19
Monomer 0.27 1.01 2.16 1.00 0.96
Tetramer 0.41 251 233 1.39 2.33
Raman probe volume
Input beam diameter (d), mm 1.20 0.70 0.95 LT T
Beam waist diameter (2Wy), mm 0.007 0.014 0.012 0.002 0.002
Length of effective volume (2zy), i L B Bibi didii
mm
Volume (V), mn’ 1.E-05 2.E-04 8.E-05 3.E-08 4.E-08
VL  10E-11 1.6E-10 7.8E-11 3.3E-14 4.0E-14
Probed number of 2NT molecules — 1.6E+10 24E+11 1.2E+11 5.0E+07 6.0E+07

(Numotecute)

Raman band 1380 cm™ intensity,

39312 123553 13483 20333 5117
cps

Laser power, mW 52.8 45.3 9.4 92 166

Accumulation time, s 600 1200 600 600 600
Raman band 1380 cm’™ intensity at

1 mW and 1 s of accumulation time, 1.24 2.27 2.39 0.37 0.05
cps

1 molecule brings Raman intensity S e e S e

per 1 sand 1 mW

Raman intensity of 1380 cm’! mode (2NT, solution, 2.5 mM)

SERS measurements were done using dry substrates with adsorbed 2NT molecules on the

surface of the silver nanoparticles. Analytical SERS EF was calculated taking into account that the

molecules form a monolayer on the particle surface.
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First of all, the probed surface area (4) was calculated:
A =nW¢, (S5)

where Wy is the laser beam waist.

The next step includes determining the number of traps (Vi) that fall into the laser spot:
Ny == (56)

where A? is the area of the unit cell for the array with periodicity A =330 nm.

For the monomer-based structure, the number of traps is equal to the number of silver
nanoparticles (V). for the tetramers-based structure the number of particles is determined as the
N, = N X 4. In the case of monolayer-base structure N, is found out as quotient from 4 divided

by the square area of the circumscribed square:

A
Np (monolayer) = Jp2° (87)

where R — radius of the nanoparticle. In the case of the monomer-based substrate, the radius of
used nanoparticles is 44 nm, and for tetramer-based the radius is 38,5 nm.
Probed surface area (Sprobe) Of the silver nanoparticles is calculated by multiplying the

surface of one nanoparticle by their number:
S = 4nR%; (58)
Sprobe =S X Np, (S9)

where S — is the surface area of the spherical silver nanoparticle.
The number of probed molecules (Nmolecute) is determined by Sprobe/Smolecute (Smolecule — the

area occupied by one molecule adsorbed on the surface).
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The calculation of the SERS intensity of single molecule per unit values of the
measurement parameters was carried out similarly to the calculation for Raman intensity described
above.

The analytical SERS EF is defined as the ratio of the single molecule SERS intensity signal
to the single molecule Raman intensity signal divided by silicon peak intensity ratio (Si signal
intensity before SERS divided by Si signal intensity before Raman measurement). The values of

the discussed calculation are presented in Table S4.
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monomer-based structure.

Table S4 SERS probe surface area, number of probed 2NT molecules and SERS EF for

Laser wavelength, nm
Beam waist (W), mm
Surface area (A), mm’

Number of probed traps(Ny)

Monolayer
Monomer

Tetramer

Monolayer
Monomer

Tetramer

Monolayer
Monomer*

Tetramer

Laser power, mW
Monolayer
Monomer

Tetramer

Monolayer

Monomer

442
0.00036
4.1E-07
3.5

1.I1IE+02
3.66E+00
1.46E+01

1.97E-06
9.30E-08
2.72E-07

9.13E+06
3.44E+05
1.26E+06

0.264

39

2327

4.E-06
2.E-05

SERS probe surface area

32 633 785 830
0.00043 0.00051 0.00064 0.00068
5.9E-07 8.3E-07 1.3E-06 1.4E-06

9.3 & S 12. 9

Number of probed particles (N,)

1.5E+02 | 2.2E+02 3.3E+02 3.7E+02
5.30E+00 @ 7.50E+00 1.15E+01  1.29E+01
2.12E+01  3.00E+01  4.61E+01  5.16E+01

Probed surface area of nanoparticles (Sprone), mnr’

2.86E-06  4.05E-06 6.22E-06 6.96E-06
1.35E-07  1.91E-07  2.93E-07 3.28E-07
3.94E-07  5.58E-07  8.59E-07 9.60E-07

Number of probed molecules (Nuotecutes)

1.32E+07 | 1.87E+07 @ 2.88E+07 @ 3.22E+07
4.99E+05 | 7.06E+05 1.09E+06  1.21E+06
1.83E+06 2.59E+06  3.98E+06  4.45E+06

Average intensities extracted from SERS maps**

0.2265 0.094 0.46 0.83
1902 3111 2143 1014
3022 6577 26 1.26

116370 89550 5565 544

1 molecule brings SERS intensity per 1 s and 1 mW
1.E-04 2.E-04 7.E-05 4.E-05
6.E-03 9.E-03 2.E-05 1.0E-06




Tetramer — 2.E-03 6.E-02 3.E-02 1.E-03 1.2E-04
Analytical Enhancement factor

Monolayer  1.6E+05  5.7E+06  3.2E+06 7.1E+03 1.4E+04

Monomer  1.1E+06  6.2E+08 = 2.1E+08 3.3E+03 1.2E+03

Tetramer  5.7E+07  2.6E+09 7.3E+08 1.4E+05 6.1E+04

* Taken into account 20% of defects

** The intensity normalized to | s and | mW.
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Fig. S5 depicts the typical situation of the mapping over a monomer substrate using a green

wavelength laser.

160

Fig. S5. The SEM image of the 20 um x 20 um area of the monomer-based SERS-active substrate overlaid with the
XY scanned acquisition points for obtaining the SERS map (green circles indicate laser spots with a diameter of

0.86 um arranged according to the scanning procedure with a 1.5 pm step).
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