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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 (>108) 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 cm2. 
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.  

2. 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. 

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

4. 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. 

2. 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.  

3. 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. 

4. 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. 

5. 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. 

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 



 

17 
 

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

A1: Khinevich, N., Bandarenka, H., Zavatski, S., Girel, K., Tamulevičienė, A., 
Tamulevičius, T., Tamulevičius, 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. 

Nadzeya Khinevich (corresponding author) provided a formal analysis, 
collected the data, summarized the reviewed articles, prepared the visualization part, 
and wrote the original draft, prepared, and submitted the final manuscript. Dr. Hanna 
Bandarenka (Belarusian State University of Informatics and Radioelectronics) 
assisted with summarizing the reviewed articles, and conceptualized, reviewed, and 
edited the draft. Dr. Siarhei Zavatski (Swiss Federal Institute of Technology, 
Lausanne), Dr. Kseniya Girel (Belarusian State University of Informatics and 
Radioelectronics), Dr. Asta Tamulevičienė (Kaunas University of Technology) and 
Dr. Tomas Tamulevičius (Kaunas University of Technology) contributed to the 
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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 Infrared 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  vvib). 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 vex  vvib 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 108 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 108 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. 

 

 
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; Ef – 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). 

 

 
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]: 

  ,   (1) 

  ,    (2) 
  

where V is the volume of the sphere; λ is the light wavelength; ε1 and ε2 are the 
real and imaginary parts of the metal-dielectric constant; εm is the dielectric constant 
of the surrounding medium [22].  

Absorption and scattering have the resonant maximum when the denominator 
tends to zero. Subject to ε1 = -2εm, 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 (εm=1.7), the LSPR peak is 
observed at a wavelength of around 520 nm. The sensitivity of the NPs to εm is 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].  
 

 
Figure 4 – Real (a) and imaginary (b) parts of the complex dielectric functions of Au 

(yellow line) and Ag (grey line). (c) The absorption spectrum of gold colloid solution [22]. 
Reprinted with permission from [21]. Copyright 2023 American Chemical Society 

According to the Drude model of the electronic structure of metals, the dielectric 
permittivity can be a function of frequency [23]: 

  , (3) 

where ωp is the plasma frequency of the bulk metal, and γ is the damping 
parameter of the bulk metal. For visible and near-infrared frequencies when γ  ωp, 
Eq. 3 will take the following look: 
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  ,  (4)
 
By applying the resonant condition, the ωmax (LSPR peak frequency) value can 

be calculated from:  

  , (5) 

 
Converting the frequency to the wavelength and the dielectric permittivity to the 

Refractive Index (RI) (εm = n2), the λmax (LSPR peak wavelength) can be found from 
the following Equation:  

  , (6) 
 
where nm is the refractive index of the surrounding medium, and λp 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 109–1012 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]. 

 

 
Figure 5 – Normalized 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.  

 

 
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).    
 

 
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 ( ) and the medium refractive index (n) which follows the 
relationship . 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:  

(i) liquid substrates – colloidal solutions of metallic NPs (MeNPs);  
(ii) solid substrates – metallic nanostructures immobilized on the surface of the 

solid plates, membranes, polymers, etc. [A1]. 
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 
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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]:  

 
  ,  (7) 
 
where NRaman and NSERS are the molecule numbers in the Raman and SERS 

measurements; IRaman and ISERS 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. Solid 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 [A1]. 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 a result 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 10-18 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-A4, 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) (C76H52O46, 
Sigma-Aldrich, China), trisodium citrate (TC) (C6H5Na3O7*2H2O, Fluka, Belgium) 
and silver nitrate (AgNO3, 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°С degrees for about 15 min under 
vigorous stirring. Subsequently, 1 ml of AgNO3 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°С, 0.033–0.347 mM of TC, 0.008–0.1mM of TA, and 0.083–0.7 mM 
of AgNO3 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 
(j) varied from 20 mA/cm2 to 200 mA/cm2. Removal of the parasitic surface layer was 
performed by using RIE for 5 min in a 50 scm gas flow of SF6 at 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 mm2 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 (Alfa 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-110, PI miCos, 
Germany), a temperature control system (TEC-1090, Meerstetter Engineering GmbH, 
Germany) and an optical microscope system (BX51, Olympus) with a CCD camera 
(QImaging, Micropublisher 3.3) [120]. The PS and PDMS templates were placed on 
the moving stage, and 100 μl 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 μJ/cm2, 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 μm diameter spot, and the diameter of the supercontinuum probe 
was approximately 500 μm [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 
Kα1 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° 2θ 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 30×30 μm2 surface area was mapped with a step size of 
1.5 μm. A 50×/0.75 NA (Leica) objective lens focused the laser light to a ca. 0.8–
1.4 μm 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-1 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 Å2 surface 
area (Å2/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 [Ag2

+-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 c), 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 (λSPR) 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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Figure 8 – Absorbance spectra (a) and the mean diameter (b) of seeds solution prepared by 
using different concentrations of TA: a – 0.1 mM; b – 0.5 mM; c – 1 mM; d – 1.5 mM; e –

2.5 mM

Figure 9 – SEM images of seeds prepared at different concentrations of TA: a – 0.1 mM; 
b – 0.5 mM; c – 1 mM; d – 1.5 mM; e – 2.5 mM

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 AgNO3. 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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Figure 10 – Absorbance spectra of AgNPs chemically synthesized by growing seeds 
prepared by using different TA concentrations (a–b): a – 0.1 mM; b – 0.5 mM; c – 1 mM; 

d – 1.5 mM; e – 2.5 mM. The mean diameter of prepared NPs (f)

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 1st (a,d), 3rd (b,e) and 5th (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 c (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 2.5x10-3. Consistent growth of 
AgNPs was carried out by using 0.033 mM TС, 0.008 mM TA, and 0.083 mM AgNO3 

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). 

 

 
Figure 12 – Absorbance spectra of seeds obtained using 0.0125 mM of TA and 20th 

consistent grow AgNPs obtained using 0.033 mM TС, 0.008 mM TA and 0.083mM AgNO3 
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 20–90 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 3.4 ~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 4th, 6th, 9th and 13th 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 2Θ = 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.  
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Figure 13 – TEM analysis of Ag NPs (S1-S4) and AgNCs (C1-4). The scale bar is 25 nm

Figure 14 – XRD patterns of AgNPs (a) and AgNCs (b). The peaks are assigned to 
diffraction from planes (111), (200), (220), (311), and (222) of AgNPs (the spectra are offset 

for clarity) [A2]
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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 τe-ph from TAS data [A2] 

Sample 
Diameter /Edge 

length (nm) 

Crystallite 

size (nm) 

Crystallite 

size/Diameter 

(Crystallite 

size/Diameter)2 
τe-ph (ps) 

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 

C1 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. 

 
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, τ1) and phonon-phonon (ph-ph, τ2) 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]: 

 ,  (8) 



42 
 

where τ1 and τ2 are time constants of decay; A1 is the amplitude of the τ1 decay 
component; A2 is the amplitude of the τ2 decay component; while I0 represents the 
background of the TAS signal [131]. The fitting results for AgNPs are summarized in 
Table 4.  

 
Figure 16 – TAS traces of S1 (a), S2 (b), S3 (c), 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 (τe-ph) 
was extrapolated from τ1 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=27.8±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 ph-ph scattering was 
observed. The duration range changed from 10 to 206 ps (Table 4).  

Polycrystalline AgNPs exhibit a decrease in the e-ph 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)2, 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] 

Sample 

Excitation 

intensity 

(μJ/cm2) 

Probe 

wavelength 

(nm) 

τ1 (ps) A1 τ2 (ps) A2 R2 

S1 

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 0.91±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 
440 0.93±0.02 0.86±0.01 10.8±1.4 0.17±0.01 0.9978 

3.2 
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 0.78±0.03 0.96±0.02 29.3±10.4 0.13±0.02 0.9850 

S2 

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 
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 

S3 

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 

8 
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 

S4 

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 

8 
410 0.91±0.03 0.98±0.01 60.8±45.9 0.06±0.01 0.9888 
485 0.81±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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Figure 17b presents the linear dependence of the decay time constant on 
(Crystallite size / Linear dimension of AgNPs)2 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 17c), where plasmon relaxation 
dynamics are indifferent to the size and don’t show any clear dependence on the 
(Crystallite size / Linear dimension of AgNCs)2 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. 
 

 

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)2 (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/cm2 in 5 
wt.%, 10 wt.% and 20 wt.% HF solutions, are shown.  

 
Figure 18 – Top view of initial PS (on top) formed at j = 60 mA/cm2 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/cm2) 
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/cm2, while, for 10 wt.% HF solution, a 160 nm pore diameter is 
observed at 140 mA/cm2. 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/cm2, while, for 10 wt.% HF, the 
current density must be higher than 400 mA/cm2. 

 

 
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/cm2 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 μm.  

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)  was calculated. The 
value of the average refractive index of PS ( ) 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].  

 
Figure 20 – Reflectance spectra of initial PS (solid line) and RIE-treated (dashed line) 

formed at j = 60 mA/cm2 in electrolyte with HF concentration 5 wt.%, 10 wt.%, 20 wt.% 
[A3] 

Table 5 – Average refractive index of initial and RIE-treated PS [A3] 

HF concentration  
Current density (mA/cm2) 

20 40 60 80 100 120 140 200 

5 wt.% 
initial 3.21 2.48 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  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/cm2, 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  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  and decreases its value. Only in one case (10 wt.% HF; j=60 mA/cm2), 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 
errors.  

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/cm2 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/cm2 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 μm/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/cm2 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 r=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 EF 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 10-4 M 
concentration are presented in Figure 23. The peaks of the typical 2NT vibrational 
modes (764 cm-1, 1067 cm-1, 1377 cm-1, 1583 cm-1, 1621 cm-1) are highlighted. By 
using the intensity of the most intense peak (1377 cm-1), 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 10-7 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 10-9 to 10-15 in dependence on 
the target molecule [Table 1; A2]. 

 
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 (λSLR) 
closer to the target laser excitation wavelength (λEx) of 532 nm. For this purpose, a 
square grating Λ = 330 nm (SQ330) with an RA wavelength (λRA) 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 λSLR 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 λSLR moving away from λRA NPs with a diameter of 90 to 100 nm show 
a λSLR 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 λRA 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 λSLR 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 λSLR and λEx in 
monomer assemblies is 9 nm. 
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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 μm). EM field enhancement by (b) an 
isolated nanoparticle; and (c) a nanoparticle in Λ = 330 nm array (λ=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 λEx). (e) Raman scattering spectra of 2NT (10-4 M), zoomed in on the 
1377 cm-1 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). 10-4M concentration for the initial 
evaluation was used. The most intense Raman band at 1377 cm-1 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-1 band and the 
corresponding EF showed a good correlation with the overlap of λSLR and λEx (Figure 
25b). The strongest intensity of the peak is observed at λEx=532 nm, which resulted in 
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EF of 6.1·108. 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 λSLR close to the target λEx (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 λEx 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 λSLR 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  ׀λSLR – λEx׀ 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 
26c). The SERS EF for the tetramer structure demonstrates the same trend, by peaking 
at λEx=532 nm with a value of 2.6·109, 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 10-7 and 10-6 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 μm). EM field enhancement by (b) an isolated 

tetramer; and (c) a tetramer in the array (λ=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 λEx). (e) Raman scattering spectra 
of 2NT (10-4 M), zoomed in on the 1377 cm-1 band versus excitation wavelengths [A4] 

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

A comparison of EF 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 λEx=532 nm with the EF 
value of 1.6·105 [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 λEx=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.  

 
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] 

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-1 band was recorded in a randomly chosen 
20x20μm 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 10-8 M for monomer-based and 10-9 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-1; 708 cm-1) 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 μm sized SERS maps of 1377 cm–1 band intensity of 2NT molecule adsorbed from a 
solution with a concentration of 10–4 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 λEx=532 nm. (c) 
The intensity of 1377 cm-1 band versus analyte molecule concentration [A4] 

Figure 28c shows the plots of the intensity of the 1377 cm-1 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, nHill for the plasmonic array with a single NP is 0.498, and nHill=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 2.5x10-3, 
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)2 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 5.3x108 
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 6.2x108 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 10-8 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 2.6x109 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 10-9 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 μm, as it reached a standard deviation of 12%. 
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VI. SANTRAUKA 

6.1. Įvadas 

Paviršiaus sustiprintos Ramano spektroskopijos (angl. Surface enhanced 
Raman spectroscopy, SERS) taikymo sritys yra labai įvairios, pradedant nuo 
aplinkosaugos tyrimų, teismo medicinos mokslo, farmakologijos ir kt. 
Biotechnologija šiuo metu yra sparčiai besivystanti sritis, kur vis didesnį mokslininkų 
bendruomenės susidomėjimą kelia nuolatinė mažesnių, efektyvesnių ir 
kompaktiškesnių prietaisų – biojutiklių paieška. Viena iš įdomių biologinių jutiklių 
taikymo sričių yra SERS, užtikrinanti kiekybinę ir kokybinę biologinių medžiagų 
analizę. Nanostruktūrinių medžiagų naudojimas biologinio jutiklio konstrukcijoje yra 
patrauklus dėl unikalių optinių, cheminių ir fizinių savybių. Šiuo metu yra atliekami 
moksliniai tyrimai, siekiant sukurti metalines nanomatmenų struktūras, kurios 
pasižymi plazmoninėmis savybėmis ir gali būti naudojamos kaip SERS aktyvūs 
padėklai. Deja, SERS spektroskopija kol kas nebuvo plačiai praktiškai taikoma kaip 
analitinis metodas. Nepaisant didelės pažangos formuojant ir tiriant nanostruktūras, 
esamų nebrangių technologijų, leidžiančių gaminti SERS aktyvius padėklus, 
pasižyminčius aukštu signalo stiprinimo faktoriumi ir dideliu atsikartojamumu, 
daugelis aktualių klausimų (registruojamo signalo dispersija padėklo plote, kiekybinė 
analizė ir pan.) išlieka neišspręsti. Šiuo atžvilgiu svarbu ne tik ištirti fizikinius SERS 
reiškinio aspektus, bet ir sukurti naujas medžiagas bei technologijas, skirtas SERS 
spektroskopijos padėklams formuoti. Šie tyrimai leistų praktiškai pritaikyti šį 
spektroskopijos metodą ir išspręsti jo platesnio pritaikomumo problemas. 

Metalizuoto akytojo silicio struktūros yra plačiai naudojamos praktikoje kaip 
SERS padėklai. Metalizuoto akytojo silicio naudojimo perspektyvos paprastai 
siejamos su jo struktūros ypatybėmis, biologiniu suderinamumu, optinėmis, 
paviršiaus savybėmis, kurias galima nesunkiai keisti, parenkant pradinio 
monokristalinio silicio parametrus ir akytųjų sluoksnių formavimo būdus. Kita vertus, 
šiuo metu nėra sisteminių tyrimų, skirtų metalizuoto akytojo silicio susidarymui be 
paviršiaus sluoksnio, kuriame pastebimas „butelio kaklelio“ efektas. Tokių tyrimų 
rezultatai leistų naudoti akytąjį silicį kaip trafaretą formuojant nanometrinio storio 
silicio sienelėmis atskirtų sidabro nanodalelių masyvą. Tokia struktūra dėl 
plazmoninės jungties tarp metalinių nanodalelių ir puslaidininkio leidžia sukurti itin 
intensyvų elektromagnetinį lauką Ag nanodalelių ir silicio sienelės kontakto vietose. 

Kitas būdas pasiekti maksimalų SERS signalo stiprinimo faktorių yra suderinti 
plazmono rezonansą su matavimams naudojamo lazerio bangos ilgiu. Tam galima 
panaudoti plazmoninių nanodalelių tvarkingą masyvą, kuriame dalelių išdėstymo 
geometrija turi įtakos struktūros absorbcijos smailės padėčiai ir jos intensyvumui. 
Absorbcijos smailės padėtis gali būti lengvai reguliuojama keičiant dalelių išdėstymo 
geometriją. 

Šiuo metu tokioms struktūroms daryti plačiai naudojamos litografijos, 
suderintos su ėsdinimu, technologijos, leidžiančios gaminti daugybę nanodalelių su 
apibrėžtais dydžiais ir atstumais tarp jų. Antra vertus, metodą riboja skiriamoji geba, 
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brangios įrangos poreikis bei laiko sąnaudos. Šiuo požiūriu ypač efektyvus yra 
kapiliarinis nanodalelių išdėliojimo metodas (angl. Cappillary assisted particle 
assembly, CAPA). Jis leidžia pagaminti didelio ploto padėklus su tvarkingai 
išrikiuotomis nanodalelėmis ir gali būti laikomas alternatyva litografijai (ar panašiai). 

Kita vertus, tokioms dvimatėms nanodalelių sistemoms labai svarbu yra ištirti 
nanodalelių optomechaninius režimus, nes jie gali turėti įtakos SERS rezultatams.  

Šiame darbe daugiausia dėmesio skirsime SERS padėklų tyrimams ir 
taikymams, naudodami nanodalelių masyvus, įterptus į nanostruktūrinio silicio poras, 
kai SERS signalo stiprinimo faktorius gali būti pagerintas dėl plazmoninės jungties 
metalo ir puslaidininkio sąveikoje, bei tvarkingai surikiuotus nanodalelių masyvus, 
kurių jautrumą galima padidinti derinant dalelių sistemos plazmonines savybes pagal 
žadinimui naudojamo lazerio bangos ilgį. 

 
6.1.1. Tikslas 

Darbo tikslas – sukurti labai jautrius SERS aktyvius padėklus, naudojant 
chemiškai susintetintas sidabro nanodaleles, atsitiktinai arba tvarkingai nusodintas ant 
skirtingų padėklų, taikant kapiliarinio dalelių nusodinimo metodą. 

6.1.2. Uždaviniai 
 

1. Chemiškai susintetinti sferines Ag nanodaleles, ištirti paviršinio aktyvumo 
medžiagų koncentracijos įtaką nanodalelių dydžiui ir apibūdinti jų 
optomechanines savybes. 

2. Sukurti ir ištirti akytuoju siliciu grįstų struktūrų, pagamintų elektrocheminio 
ėsdinimo būdu ir po jo atliekamu reaktyviuoju jonų ėsdinimu, morfologines, 
struktūrines ir optines savybes.  

3. Pasitelkiant kapiliarinio nusodinimo techniką ir naudojant įvairaus 
periodiškumo trafaretus ir akytąjį silicį bei susintetintas sidabro nanodaleles, 
pagaminti tvarkingai išrikiuotų ir atsitiktinai išdėliotų nanodalelių SERS 
aktyvius padėklus.  

4. Ištirti sukurtų SERS aktyvių padėklų SERS jautrumą, naudojant organinį 
sieros junginį kaip tikslinę molekulę. 

 
6.1.3. Naujumas 
 

1. Užuomazgų auginimo metodu susintetintos kontroliuojamo skersmens 
monodispersinės Ag nanodalelės. 

2. Ultrasparti krūvininkų relaksacija polikristalinėse Ag nanodalelėse ištirta 
naudojant nepusiausvyrinės absorbcijos spektroskopijos metodą. 

3. Elektrocheminis ėsdinimas, po kurio atliekamas reaktyvusis jonų ėsdinimas, 
panaudotas gaminant kontroliuojamų porų matmenų nanostruktūrinį akytąjį 
silicį. 
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4. Kapiliarinis dalelių nusodinimas panaudotas nanodalelėms surinkti į periodinę 
/ neperiodinę gaudyklių sistemą, kontroliuojant jų skaičių gaudyklėje. 

5. Parodyta, kad nanodalelių dydis keičia paviršiaus gardelės rezonanso (SLR) 
bangos ilgį. 

6. SERS padėklai su sužadinimo bangos ilgiui pritaikytu SLR ir periodiniu 
karštųjų taškų užpildymu pasižymi itin dideliu jautrumu, viršijančiu esamus 
SERS padėklus su atsitiktiniu nanodalelių pasiskirstymu. 

 
6.2. Metodika 

Monodispersinės Ag nanodalelės buvo susintetintos taikant užuomazgų 
auginimo metodą [27], naudojant tanino rūgštį (angl. Tannic acid, TA) (C76H52O46, 
„Sigma-Aldrich“, Kinija), trinatrio citratą (angl. Trisodium citrate, TC) 
(C6H5Na3O7*2H2O, „Fluka“, Belgija) ir sidabro nitratą (AgNO3, „Sigma-Aldrich“, 
JAV), po to funkcionalizuojant jas su PVP (polivinilpirolidonas, „Sigma-Aldrich“, 
JAV). Elektrocheminis kristalinio Si plokštelės (100) („Siegert Wafer“, Vokietija) 
ėsdinimas buvo atliktas naudojant nuolatinės srovės (DC) šaltinį B5-47, po to 
reaktyviuoju jonų ėsdinimo būdu („Vision LL-ICP“, Švedija) pašalintas parazitinis 
paviršiaus sluoksnis. Periodinės struktūros polimero trafaretas buvo pagamintas iš 
polidimetilsiloksano (PDMS), atkartojant Si trafareto formą ir naudojant minkštosios 
litografijos techniką. Si trafaretas buvo pagamintas pasitelkiant elektroninę litografiją 
(„eLine plus“, „Raith“, Vokietija) ir reaktyvųjį jonų ėsdinimą („Vision LL-ICP“, 
„Plasma-Therm“, JAV) [116]. Kapiliarinis dalelių nusodinimas (CAPA) buvo atliktas 
naudojant originalią įrangą, aprūpintą motorizuotu didelio tikslumo transliatoriumi 
(„LS-110“, „PI Micos“), temperatūros 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 užregistruoti naudojant UV-Vis šviesolaidinį spektrometrą „AvaSpec-2048“ 
(„Avantes“, Nyderlandai). Ultrasparti Ag nanodalelių elektronų dinamika tirta 
nepusiausvyrinės absorbcijos spektroskopijos būdu, naudojant HARPIA 
spektrometrą („Light Conversion“, Lietuva) su Yb:KGW lazeriu „Pharos“ („Light 
Conversion“, LT). Koloidinių nanodalelių (NP) vaizdinimui buvo naudojamas 
skenuojamasis elektroninis mikroskopas („Quanta 200 FEG“, FEI) ir prašviečiantis 
elektronų mikroskopas („Philips“, CM200). Sintetintų Ag nanodalelių kristalinės 
struktūros analizė atlikta rentgeno spindulių difrakcijos (XRD) metodu, naudojant 
„Bruker AXS GmbH“ firmos difraktometrą „8 Discover“. Difrakcijos duomenų 
analizė buvo atlikta naudojant DIFFRAC.EVA bei „X'pert HighScore Plus“ 
programinę įrangą. SERS matavimai buvo atlikti naudojant daugiabangį Ramano 
mikroskopą („Renishaw“, „Wotton-under Edge“), kuriame integruotas 
termoelektriniu būdu aušinamas CCD detektorius. 2-naftalentiolio (2NT) („Sigma-
Aldrich“, Belgija) organinė molekulė buvo pasirinkta kaip tikslinė molekulė SERS 
padėklo aktyvumo tyrimams. Stiprinimo faktoriaus apskaičiavimo metodas yra 
išsamiai aprašytas [118]. AgNP optinių savybių modeliavimas atliktas naudojant 
„COMSOL Multiphysics“, bangų optikos modulį ir baigtinių elementų metodą. 
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6.3. Rezultatai 
6.3.1. Cheminė sidabro nanodalelių sintezė 

Eksperimentiškai buvo ištirta Ag nanodalelių cheminei sintezei naudojamų 
komponentų įtaka. Darbe pasiūlyta metodika, leidžianti sintetinti reikiamo dydžio ir 
skirstinio Ag nanodaleles, naudojant užuomazgų auginimo techniką. Šis procesas 
susideda iš dviejų etapų, kuriuose naudotas trinatrio citrato bei tanino rūgšties derinys 
kaip reakcijos reduktorius ir stabilizatorius. 

Komponentų, naudojamų nanodalelių dydžiui padidinti, koncentracijos 
sumažėjimas lemia nuoseklų augimo greičio sulėtėjimą viso ciklo metu, leidžiantį 
tiksliai kontroliuoti nanodalelių dydį. Nuoseklus Ag nanodalelių augimas buvo 
atliktas naudojant 0,033 mM TС, 0,008 mM TA ir 0,083 mM AgNO3 auginimo 
tirpalus, kurių koncentracijos yra beveik tris kartus mažesnės už naudotas 
ankstesniuose eksperimentuose (0,347 mM TA, 0,1 mM TC ir 0,7 mM AgNO3). 

Po kiekvieno augimo etapo paviršiaus plazmonų rezonanso (angl. Surface 
plasmon resonance, SPR) smailė pasislinko per kelis nanometrus, o tai atitinka 
nedidelį nanodalelių dydžio padidėjimą (Figure 12). Po 21 nuoseklios augimo 
procedūros sidabro nanodalelių vidutinis skersmuo padidėjo nuo ~ 20 nm iki ~ 88 nm, 
o standartinis nuokrypis buvo apie 4–5 nm. Metodas pristato augimo procesą, kuris 
leidžia kontroliuoti užuomazgų susidarymo, augimo ir stabilizavimo procesus, kai 
suformuotos monodispersinės sferinės Ag dalelės. 

 
6.3.2. Ag nanodalelių kristalinė struktūra  

TEM vaizdai parodė nanodalelių polikristališkumą (Figure13), o kristalitų dydis 
buvo įvertintas iš XRD matavimų (Figure 14, apačioje). Analizuotos difrakcijos 
smailės ties 2Θ = 38,2°, 44,5°, 64,6° ir 77,6°, 81,7°, atitinkančios centruotojo 
paviršiaus gardeles (111), (200), (220), (311) ir (222) plokštumas.  

Kristalitų dydis buvo apskaičiuotas pagal Scherrer formulę [121]. Ag 
nanodalelių kristalitų dydis didėjo kartu su skersmeniu, ir tai puikiai dera su taikomo 
sintezės metodo ypatumais. 

 
6.3.3. Ag nanodalelių optomechaninis apibūdinimas 

Išmatuotiems Ag nanodalelių tirpalams registruotos TAS signalo osciliacijos, 
kurios yra būdingos monodispersinių nanodalelių rinkiniui [122]. 

Iš TAS signalo laikinės priklausomybės (Figure 15) buvo apskaičiuotos 
elektrono-fonono sąveikos (e-ph, τ1) ir fonono-fonono (ph-ph, τ2) sklaidos laiko 
konstantos, Ag nanodalelių tyrimų rezultatai apibendrinti lentelėje (Table 4). 

Būdingoms laiko konstantoms vertinti atlikti kintančio žadinimo intensyvumo 
matavimai (Figure 17). Ekstrapoliuotos e-ph sąveikos laiko konstantos pateiktos 
lentelėje (Table 3). 

Nustatyta, kad sužadintos būsenos silpimas priklauso nuo e-ph sąveikos trukmės 
ir sumažėja nuo 0,96 ps (pavyzdys S1) iki 0,69 ps (pavyzdys S4). Taip pat pastebėtas 
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santykinai silpnas TAS signalo relaksacijos komponentas, kurį galima priskirti ph-ph 
sklaidai, kuriai būdingos trukmės buvo nuo 10 iki 206 ps (Table 4). 

Didėjant polikristalinių Ag nanodalelių vidutiniam skersmeniui, e-ph sąveikos 
laiko konstantos mažėjo (Figure 17). Norėdami išanalizuoti e-ph sąveikos laiko 
konstantą priklausomai nuo dalelių kristališkumo, parodėme, kad šiam parametrui yra 
svarbus santykis (kristalito dydis / tiesinis Ag matmuo)2. Paveiksle (Figure 17b) 
vaizduojama tiesinė e-ph sąveikos laiko konstantos priklausomybė nuo šio parametro 
rodo, kad konstanta tiesiškai didėja didėjant kristalitų dydžio ir nanodalelių dydžio 
santykiui. Autoriaus publikuotame darbe [A2] šie polikristalinių Ag nanodalelių 
rezultatai buvo lyginami su monokristalinių Ag nanokubų, kurių plazmonų 
relaksacijos dinamika nepriklausė nuo dalelių dydžio, nebuvo jokios aiškios 
priklausomybės nuo (kristalito dydžio / tiesinio Ag nanokubų matmens)2 santykio. 

 
6.3.4. Akytojo silicio gamyba ir apibūdinimas 

Norint sukurti padėklą su atsitiktinai išdėstytomis gaudyklėmis, kurias vėliau 
būtų galima užpildyti nanodalelėmis, kad būtų sukurtas jų masyvas, buvo pasirinktas 
akytasis silicis. Paprastai elektrocheminio anodavimo būdu suformuotas akytasis 
silicis turi parazitinį viršutinį sluoksnį, vadinamąjį „butelio kaklelio“ akytąjį silicį, 
kurio porų dydis šiek tiek skiriasi nuo tūrinių verčių. Autorius įrodė, kad reaktyvusis 
jonų ėsdinimas (RIE) yra veiksmingas būdas, norint pašalinti parazitinį sluoksnį (arba 
„atviras poras“) [A3]. 

Ištirta atvirų porų akytojo silicio paviršiaus morfologija, priklausomai nuo 
naudojamos srovės tankio ir vandenilio fluorido rūgšties koncentracijos. Paveiksle 
(Figure 15) pavaizduoti vieno akytojo silicio mėginių rinkinio SEM vaizdai prieš ir 
po RIE apdorojimo, naudojant j = 60 mA/cm2 5 proc. masės, 10 proc. masės ir 20 
proc. masės fluorido rūgšties tirpalus. 

RIE apdoroto akytojo silicio, susidariusio elektrolite su 5 proc. masės (visuose 
mėginiuose) ir 10 proc. masės fluorido rūgšties (esant dideliam srovės tankiui), 
morfologija dažniausiai atrodo lygi, o tik nedidelis akytojo silicio šiurkštumo 
padidėjimas rodo izotropinį viršutinio sluoksnio ėsdinimą. Mėginių, pagamintų 
naudojant 10 proc. masės vandenilio fluorido rūgštį esant mažam srovės tankiui (20–
60 mA/cm2), ir visų mėginių, pagamintų iš 20 proc. masės fluorido rūgšties, paviršius 
pasižymi akyto sluoksnio susidarymu, kurį sudaro grublėtą paviršių formuojančios 
salelės. 

Vidutinis porų skersmuo ir porų tankis pateikti paveiksle (Figure 19). Matyti, 
kad vidutinis skersmuo didėja didėjant srovės tankiui. Ši tiesinė priklausomybė 
stebima tol, kol pasiekiama tam tikra kritinė srovės tankio vertė ir porų dydis pradeda 
mažėti. Esant dideliam srovės tankiui, susidarančios poros tampa erdviškai 
netaisyklingos, susidaro kempinę primenanti struktūra. Si skeletas tampa plonesnis, o 
porų tankis didėja. Tolesnis srovės tankio padidėjimas lemia elektropoliravimo 
procesą. 

Paviršinis sluoksnis susideda iš silicio kristalitų ir porų, kurios daro įtaką šviesos 
sklaidai ir atspindžiui. Paveiksle (Figure 20) pateikti akytojo silicio mėginių, 
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susidariusių esant 5 proc. masės fluorido rūgšties ir 10 proc. masės fluorido rūgšties, 
atspindžio spektrai rodo oro / akytojo silicio ir akytojo silicio / Si riboje atspindėtos 
šviesos interferencinius maksimumus. Taikant Fabry-Pérot interferencijos lygtis 
[130] buvo įvertintos akytojo silicio vidutinio lūžio rodiklio ( ) reikšmės, jos 
pateiktos lentelėje (Table 5). 

Apskaičiuotasis  mėginiams, pagamintiems naudojant 5 proc. masės ir 10 
proc. masės fluorido rūgšties elektrolitus, mažėjo didėjant srovės tankiui ir yra susijęs 
su porų tankio (poringumo) padidėjimu [132] bei gerai sutampa su paveiksle (Figure 
19a) pateiktais duomenimis. Daugeliu atvejų neapdorotų akytojo silicio mėginių  
buvo šiek tiek mažesnis nei RIE apdorotų mėginių, nes yra labai akytas paviršinis 
parazitinis sluoksnis, kuris mažina  vertę.  

 
6.3.5. Nanodalelių nusodinimas nanostruktūrinio silicio porose ir ant plokščių 
paviršių 

Nanodalelių nusodinimas buvo atliktas naudojant CAPA metodą, kadangi šis 
metodas užtikrina labiausiai kontroliuojamą koloidinių nanodalelių pasiskirstymą 
trafareto paviršiuje, palyginti su kitais metodais (pvz., lašelių nusodinimu). 
Eksperimentui buvo naudojamos Ag nanodalelės, kurių vidutinis skersmuo buvo 
62 nm ir kurios sutapo su akytojo silicio RIE porų dydžiu (naudotas 10 % masės 
fluorido rūgšties tirpalas ir j = 100 mA/cm2). Taip pat tokios pačios Ag nanodalelės 
buvo nusodintos ant neapdoroto akytojo silicio, susidariusio tokiomis pat sąlygomis, 
kaip ir anksčiau minėtasis akytasis silicis (Figure 21). Naudojant 0,1 μm/s bandinio 
judėjimo greitį ir palaikant 12 °C temperatūrą virš rasos taško buvo pasiektas Ag 
nanodalelių nusodinimo į poras ~85 % užpildymo koeficientas (Figure 21b). Galima 
matyti, kad dauguma nusėdusių nanodalelių susitelkia porose. Retais atvejais jos 
užimdavo vieną porą arba būdavo pasislinkusios į poros kraštą. 

 
6.3.6. Nanodalelių modeliavimas paviršiuje ir porose 

Atvirų porų akytasis silicis turi atsitiktinai išsidėsčiusias poras, kurių kiekviena 
ribojasi su šešiomis kitomis. Nanodalelių struktūra gali būti atvaizduojama kaip 
šešiakampė gardelė (idealizuojant struktūrą), kurios matmuo r = 92 nm, o nanodalelė, 
kurios skersmuo yra 62 nm, yra atskirta nuo kitos 28 nm silicio sienele (Figure 22a). 
Ta pati vienetinė gardelė gali būti naudojama glaudžiai suspaustoms nanodalelėms 
ant akytojo silicio paviršiaus, kurių r lygus 63 nm. Paveiksle (Figure 19b, c) yra 
parodytas elektromagnetinio lauko pasiskirstymas tokioje struktūroje. Didžiausias 
elektromagnetinio lauko stiprinimas pastebimas šalia metalinio paviršiaus, kai Ag 
nanodalelės yra ant akytojo silicio. Ir priešingai, kai Ag nanodalelės yra porose, jis 
koncentruojasi Ag nanodalelių ir Si sienelių kontakte. Kaip matyti iš nanodalelių 
porose lauko stiprumo pasiskirstymo, laukas sustiprinamas 8 kartus, palyginti su 
dalelėmis, kurios yra ant porų. Šis faktas patvirtina elektromagnetinio lauko 
stiprinimo teoriją metalo ir puslaidininkio riboje. Modeliuoti atspindžio spektrai, 
pateikti paveiksle (Figure 22c, d) rodo stiprią sugertį, esant 400 nm bangos ilgiui (Ag 
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nanodalelės ant akytojo silicio) ir 375 nm (Ag nanodalelės porose), kuri buvo 
pastebėta ir eksperimentiškai išmatuotuose spektruose. 

 
6.3.7. SERS jautrumas nesurikiuotų nanodalelių masyvui  

SERS matavimai buvo atlikti siekiant įvertinti analitinį stiprinimo faktorių, 
naudojant 532 nm bangos ilgio lazerio sužadinimą. Nepaisant to fakto, kad abi akytojo 
silicio struktūros pasižymi sugertimi mėlynojoje srityje, jos taip pat yra jautrios 
ilgesniems bangų ilgiams. 2NT molekulių, adsorbuotų ant Ag nanodalelių iš 10-4 M 
koncentracijos tirpalo, užregistruoti spektrai pateikiami paveiksle (Figure 23) Tipinės 
2NT osciliacijų smailės (764 cm-1, 1067 cm-1, 1377 cm-1, 1583 cm-1, 1621 cm-1) yra 
paryškintos. Naudojant intensyviausios smailės (1377 cm-1) intensyvumą, buvo 
apskaičiuotas neapdoroto akytojo silicio ir nanodalelių bei porose esančių nanodalelių 
analitinis stiprinimo faktorius, kurių vertės 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 periodinės gaudyklių struktūros periodą bei Ag nanodalelių dydį buvo 
suformuoti surikiuotų nanodalelių plazmoniniai masyvai taip, kad SLR smailė (λSLR) 
būtų artima žadinimui naudojamo lazerio bangos ilgiui 532 nm (λEx). Šiam tikslui, 
remiantis anksčiau gautais rezultatais, pasirinkta kvadratinė gardelė Λ = 330 nm 
(SQ330) su RA bangos ilgiu (λRA) polidimetilsiloksanui esant 470 nm [116]. 

Modeliavimo rezultatai (Figure 24) rodo, kad λSLR priklauso nuo nanodalelių 
skersmens. SLR smailės raudonasis poslinkis ir jo spektrinės juostos pusplotis 
(FWHM) didėja, didėjant nanodalelių skersmeniui [135]. Nanodalelių, kurių 
skersmuo nuo 90 iki 100 nm, λSLR yra arti 532 nm tikslo. Eksperimentui buvo 
pasirinktos Ag nanodalelės, kurių skersmuo yra 88 nm ± 5,2 nm, o jų lokalizuoto 
paviršiaus plazmonų rezonanso smailė tirpale yra maždaug ties 460 nm (Table 2). 
Šios nanodalelės turi dipolinę LSPR smailę tirpale maždaug ties 470 nm po PVP 
funkcionalizacijos, ji persidengia su 330 nm kvadratinės gardelės λRA. 

Paveiksle (Figure 25) pateiktas surikiuotos plazmoninės struktūros SEM 
vaizdas, kuriame struktūrinio polidimetilsiloksano padėklo gaudyklės yra užpildytos 
atskiromis nanodalelėmis (monomerų rinkiniais). Atitinkamai parodytas 
sumodeliuotas elektromagnetinio lauko stiprumas ties izoliuota nanodalele (puikiai 
suderinta ribinė sąlyga) ir dalele masyve (periodinės ribinės sąlygos). Abiem atvejais 
matomas stiprus artimasis laukas, sustiprintas atitinkamai 4,2 ir 14,7 karto 532 nm 
bangos ilgiui izoliuotų nanodalelių ir masyvo atvejais. Eksperimentinės ir 
apskaičiuotos λSLR reikšmės rodo gerą kokybinį sutapimą (Figure 25d). 
Eksperimentinis pralaidumo spektro plotis yra platesnis ir šiek tiek pasislinkęs į 
raudonųjų bangų intervalą dėl defektų, atsirandančių dėl naudoto metodo savitvarkio 
pobūdžio – neužpildytų tuščių gaudyklių, ir atsitiktinių dviejų trijų nanodalelių 
gaudyklėje. Spektrinės padėties skirtumas tarp eksperimentinių λSLR ir λEx monomerų 
rinkiniuose yra 9 nm. 
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Monomerų pagrindu pagamintas SERS pagrindas buvo naudojamas esant 
skirtingiems sužadinimo bangos ilgiams, kad būtų galima aptikti 2NT (Figure 25e). 
Pirminiam vertinimui buvo naudojama 10-4M koncentracija. Analitinis stiprinimo 
faktorius buvo įvertintas naudojant Ramano juostą ties 1377 cm-1, apskaičiuojant 
SERS signalo intensyvumo vidurkį nuskaitytoje srityje ir palyginus jį su vienos 
molekulės SERS signalu matavimo vienete. Duomenys ir išsamus analitinių 
stiprinimo faktorių skaičiavimų aprašymas pateikti autoriaus darbe [A4]. 1377 cm-1 
juostos intensyvumas ir atitinkamas analitinis stiprinimo faktorius gerai koreliavo su 
λSLR ir λEx persidengimu (Figure 25b). Didžiausias smailės intensyvumas buvo, kai λEx 
= 532 nm, o fiksuotas analitinis stiprinimo faktorius buvo 6,1·108. Jis laipsniškai 
mažėjo, kai žadinimo lazerio bangos ilgis nesutapo su SLR rezonansiniu bangos ilgiu. 

 
6.3.9. Surikiuotų nanodalelių plazmoniniai masyvai su daugeliu dalelių gaudyklėje 

Siekiant pagerinti surikiuotų nanodalelių plazmoninių masyvų padėklų 
monomerų pagrindu analitinius stiprinimo faktorius, mažesnės nanodalelės (77 nm 
skersmens) buvo nusodintos į tokią pačią polidimetilsiloksano kaukę, sudarant 
tetramero struktūrą (keturios dalelės vienoje gaudyklėje) ir siekiant išlaikyti λSLR arti 
tikslinio λEx (Figure 28). 

Modeliavimas parodė, kad elektromagnetinis laukas ties λEx yra stipriai 
lokalizuotas tarpuose tarp nanodalelių ir atitinkamai sustiprėja 49,4 ir 65,9 karto 
izoliuotų ir periodinių tetramero vienetų ląstelių atvejais (Figure 28b, c), jis yra beveik 
4 kartus didesnis, palyginti su periodinio monomero vieneto gaudykle (Figure 22b, 
c). Modeliuotas λSLR pastebėtas ties 579 nm ir gerai atitiko eksperimentinę smailę ties 
583 nm (Figure 28d). Tetramerinės struktūros eksperimentinis pralaidumo spektras 
(Figure 28d) dėl neidealios struktūros yra taip pat šiek tiek platesnis nei 
modeliuojamas rezultatas. Kolektyviniam plazmoninio surikiuotų dalelių struktūros 
atsakui buvo būdingas SLR raudonasis poslinkis ir sugerties kreivės išplitimas. Tai 
atitinka plazmoninės hibridizacijos teoriją [136, 137], kai arti esančios plazmoninės 
nanodalelės veikia kaip didesnės dalelės, kurioms būdingas LSPR raudonasis 
poslinkis[A4]. 

Kaip ir anksčiau ištirtų monomerų rinkinių, Ramano smailės intensyvumas 
didėja, kai surikiuotų dalelių tetramero struktūros skirtumas ׀λSLR – λEx׀ mažėja 
(Figure 28d). Jis yra beveik 4 kartus intensyvesnis, palyginti su identiškomis 
sąlygomis išmatuotu monomerų rinkiniu (Figure 28c). Analitinis tetramerų struktūros 
SERS stiprinimo faktorius rodo tą pačią tendenciją, pasiekiant aukščiausią tašką ties 
λEx = 532 nm, o jo vertė yra 2,6·109, kuri pagal dydį yra daug didesnė nei monomerų 
atveju. 

6.3.10. Surikiuotų pavienių ir daugelio nanodalelių masyvų lyginamoji SERS 
jautrumo analizė  

Teoriškai apskaičiuotas SERS stiprinimo faktorius, kuris yra proporcingas 
|E/E0|4 [149,150], gautas iš modeliavimo rezultatų, ir analitinės stiprinamojo 
faktoriaus reikšmės yra palygintos paveiksle (Figure 24a). Monomerų ir tetramerų 
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pagrindu sukurtų surikiuotų nanodalelių struktūrų stiprinimo faktoriaus palyginimas 
papildytas plazmonine struktūra, kurioje naudotas atsitiktinai išdėstytų nanodalelių 
(77 nm ± 4,5 nm skersmens) monosluoksnis ant plokščio PDMS padėklo [140] [A4]. 

Šio monosluoksnio SERS jautrumas buvo tiriamas tokiu pačiu būdu, esant 
skirtingiems lazerio bangų ilgiams. Atsitiktinai išdėstytų nanodalelių monosluoksnio 
pagrindas taip pat rodo priklausomybę nuo žadinimui naudojamo bangos ilgio ir 
pasiekia aukščiausią tašką ties λEx =532 nm, o analitinė stiprinimo faktoriaus vertė yra 
1,6·105 [A4]. Normalizuotas monomerų ir tetramerų struktūrų analitinis stiprinimo 
faktorius taip pat pasiekė aukščiausią tašką ties λEx = 532 nm, bet buvo atitinkamai 
110 ir 465 kartus didesnis (Figure 24b). Tai patvirtina esminį SLR indėlį į stiprinimo 
faktorių ir rodo, kad naudojamam sužadinimo bangos ilgiui galima pritaikyti 
struktūros plazmonines savybes išnaudojant SLR efektą. 

Ištirtas sidabro nanodalelių monomerų, tetramerų ir monosluoksnio SERS 
pagrindo erdvinis stiprinimo homogeniškumas (t. y. signalo atsikartojamumas 
dideliame plote). Atsitiktinai parinktame kiekvienos struktūros 20 x 20 μm plote buvo 
užfiksuotas 1377 cm-1 juostos intensyvumas (Figure 24a). Monosluoksnio SERS 
pagrindui dėl nekontroliuojamo karštųjų taškų susidarymo ir padėties buvo būdinga 
didelė standartinio nuokrypio vertė, kuri siekė 37,35 %. Mažesnė, tačiau vis tiek 
santykinai aukšta nustatyta išrikiuotų dalelių standartinio nuokrypio vertė 31,81 %. 
Matyt, šį santykinai didelį signalo pokytį sukelia 18 % defektų (Figure S5, A4). 
Tetramero SERS pagrindo signalo standartinis nuokrypis buvo beveik du kartus 
mažesnis (12,42 %), nes buvo geriau kontroliuojamas karštųjų taškų pasiskirstymas 
ir homogeniškumas bei sumažintas gaudyklių netobulumas. 

Panaudoję sužadinimo bangos ilgį, kur buvo didžiausias stiprinimas (532 nm), 
nustatėme SERS pagrindų detektavimo ribų (DL) vertes. Paveiksle (Figure 24b) 
parodyti užfiksuoti spektrai su paryškintomis tipiškomis 2NT molekulių vibracinėmis 
smailėmis. Monomerų SERS pagrindų DL vertė buvo nustatyta 10–8 M, o tetramerų 
– 10–9 M. Tipiškos polidimetilsiloksano Ramano smailės (615 cm-1, 708 cm-1) gali 
būti matomos atliekant visus matavimus, tačiau jos nepersidengia su tikslinei 
molekulei būdingomis stipriomis smailėmis.  

 
6.4. Išvados 

 
1. Parodėme, kad taikytas užuomazgų auginimo metodas leidžia sintetinti 

monodispersines polikristalines sferines sidabro nanodaleles, kurių vidutinis 
skersmuo ~ 20 nm – 90 nm. Buvo nustatyta optimali tanino rūgšties koncentracija 
(0,0125 mM) užuomazgų tirpale, esant tanino rūgšties ir trinatrio citrato santykiui 
2,5x10-3 bei naudojant 0,033 mM trinatrio citratą, 0,008 mM tanino rūgštį ir 0,083 
mM sidabro nitratą auginimo tirpaluose. 

2. Sidabro nanodalelių trumpalaikės absorbcijos spektroskopijos matavimai 
leido sistemingai ištirti elektronų ir fononų sąveikos procesą plazmonų relaksacijos 
dinamikoje. Susintetintoms polikristalinio sidabro nanodalelėms buvo būdinga 
greitesnė relaksacija didėjant jų dydžiui ir buvo nustatyta, kad elektronų ir fononų 
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sąveikos laiko konstanta tiesiškai didėja didėjant (kristalito dydis / sidabro 
nanodalelės skersmuo)2 santykiui.  

3. Remiantis akytojo silicio su atviromis poromis (vidutinis skersmuo ~ 17–
180 nm), apdoroto reaktyviuoju jonų ėsdinimu, tyrimų rezultatais, nustatyta optimali 
vandenilio fluorido koncentracija (5–10 masės %) homogeniškam akytam silicio 
pagrindui sukurti elektrochemiškai anoduojant kristalinį silicį. Be to, akytojo silicio 
savybes (porų dydį ir tankį, lūžio rodiklį ir drėkinamumą) galima tiksliai sureguliuoti 
keičiant vandenilio fluorido rūgšties koncentraciją ir naudojamą srovės tankį. 

4. Parodyta, kad reaktyviojo joninio ėsdinimo būdu gauta akytojo silicio 
struktūra yra tinkamas trafaretas silicio sienelėmis atskirtų sidabro nanodalelių 
savitvarkio masyvo nusodinimui kapiliariniu būdu. Sidabro nanodalelės porose 
pasižymėjo ryškesnėmis plazmoninėmis savybėmis nei ant neapdorotų akytojo silicio 
paviršių ir joms buvo būdingas elektromagnetinio lauko stiprinimas 19,6 karto, o 
analitinis SERS stiprinimo faktorius siekė 5,3 x 108 naudotam 532 nm lazerio bangos 
ilgiui. 

5.  Sidabro nanodalelių tetramerų ir monomerų SERS pagrindams buvo 
būdinga atsako priklausomybė nuo sužadinimo bangos ilgio, jų SERS jautrumas 
laipsniškai mažėjo, didėjant paviršiaus gardelės rezonanso ir sužadinimui naudoto 
bangos ilgio skirtumui. 

6. Parodyta galimybė suderinti surikiuotų sidabro nanodalelių masyvo 
paviršiaus gardelės rezonansą iki naudoto 532 nm bangos ilgio, tam parenkant 
tinkamą nanodalelės dydį ir taip padidinant SERS pagrindo jautrumą. Nustatyta, kad 
monomerų SERS pagrindo analitinis stiprinimo faktorius siekė 6,2x108, esant 
tiksliniam bangos ilgiui, ir jis buvo 110 kartų didesnis nei sidabro nanodalelių 
monosluoksnio atveju. Tokiam pagrindui buvo nustatyta 10-8M 2-naftalentiolio 
detektavimo riba.  

7. Karštųjų taškų panaudojimas išrikiuotų sidabro nanodalelių masyve 
smarkiai padidino SERS padėklų, kuriuose naudojamas paviršiaus gardelės 
rezonansas, jautrumą. Tetramerų SERS pagrindo analitinės stiprinimo faktoriaus 
vertės siekė 2,6x109 reikšmes, esant tiksliniam bangos ilgiui, ir buvo 465 kartus 
didesnės nei sidabro nanodalelių monosluoksnio atveju. Naudojant tokius pagrindus 
buvo nustatyta 10–9M 2-naftalentiolio detektavimo riba. Be to, tetramerų SERS 
padėkle registruotas mažiausias Ramano signalo kitimas (palyginti su monomerais ir 
monosluoksnėmis sidabro nanodalelėmis) 20 μm x 20 μm plote, ir standartinis 
nuokrypis siekė 12 %.  
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