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INTRODUCTION 

Plasmonic micro- and nanostructures have attracted significant attention 

over the past decades because of their ability to confine light and enhance 

electromagnetic (EM) fields at sub-wavelength scales through the excitation 

of surface plasmons (SPs) [1-3]. While the field of plasmonics primarily 

utilizes noble metals due to their strong free-electron response, a broader range 

of plasmonic materials can be used, including heavily doped semiconductor 

nanocrystals [4, 5], two-dimensional (2D) materials [6], and conductive 

polymers [7]. Each material class relies on distinct mechanisms: 

semiconductors utilize free holes, 2D materials combine electron-hole 

interactions, and polymers operate via polaronic charge carriers. However, 

noble metals such as gold (Au) and silver (Ag) remain the primary media for 

high-performance plasmonic applications due to the complexity of doping 

semiconductors, the fabrication challenges of 2D materials, and the high 

defect densities in conductive polymers [8]. 

In noble metal systems, light-matter interactions are governed by collective 

oscillations of conduction electrons and are characterized as localized surface 

plasmons (LSPs) in individual nanoparticles and as propagating surface 

plasmon polaritons (SPPs) at metal-dielectric interfaces. A large number of 

free electrons, excited at surface plasmon resonance (SPR) frequency, causes 

amplified scattering and absorption of incident radiation, as well as great 

enhancement of the near-field [9]. Arranging such metallic structures in 

periodic arrays on thin metal films introduces additional diffractive coupling 

mechanisms that enable interaction between these modes. Such coupling leads 

to hybridization of LSPs and SPP, resulting in stronger interactions, reduced 

radiative losses, and improved properties [10-12]. 

These unique properties enable a wide range of applications, including 

contamination detection [13], label-free biomedical diagnostics [3, 14], 

environmental monitoring [15], photonic devices [16], energy harvesting [17], 

and nanolasing [18, 19]. The strong field localization within structures 

provides a basis for highly sensitive detection platforms and compact photonic 

instruments. As global demand for advanced analytical and diagnostic tools is 

steadily growing, plasmonic platforms have attracted considerable attention 

for their high sensitivity, rapid response, accuracy, and compatibility with 

integrated systems. 

The traditional fabrication of such structures relies on top-down 

lithographic methods, often combined with metal deposition and lift-off 

techniques [20, 21]. While precise, these multi-step processes are limited by 
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either low throughput, high fabrication costs, or moderate repeatability and 

controllability. Consequently, direct laser writing (DLW) has emerged as a 

rapid, single-step, and cost-effective alternative for fabrication [22-25]. The 

use of ultrafast femtosecond pulses for material structurization and 

nanoengineering offers a new way to increase production rates and improve 

the tunability of fabricated structures and their properties. An accurate 

variation of the resonance position, quality factor, or efficiency of the near-

field enhancement can be manipulated by several parameters [26, 27]. Despite 

the potential of DLW, several challenges still remain in this methodology. 

Precise control of the structures is essential to ensure stable, repeatable output 

properties; thus, the in-depth analysis of the main laser system, sample, and 

grating parameters is required to understand the management capabilities. 

Also, the understanding of the complex, multidirectional coupling in 2D 

gratings remains unexplored, as do their abilities to exhibit one-dimensional 

(1D) properties. Therefore, the research presented in this thesis investigates 

the femtosecond-laser nanoengineering of noble metals and the fabrication of 

large-scale plasmonic gratings for advanced plasmonic applications.  

The main aim of the research covered in this thesis is to investigate and 

optimize the single-step fabrication of morphologically tunable noble-metal 

nanostructures for large-scale gratings using femtosecond (fs) direct laser 

writing technology, to experimentally and theoretically characterize their 

plasmonic properties, and to examine their applicability for plasmon-related 

areas, including surface-enhanced Raman spectroscopy (SERS) detection and 

refractive index (RI) sensing. 

In order to achieve the aim of the thesis, the following tasks were defined: 

1. To develop a fast and scalable direct laser writing method for the 

single-step fabrication of large-scale 1D and 2D gratings composed of metallic 

nanostructures with tunable morphology. 

2. To investigate the morphological control provided by the DLW 

process and optimize the fabrication parameters for the formation of each 

specific shape structure. 

3. To characterize the plasmonic properties of the produced gratings 

with both experimental and theoretical investigations and establish their 

relationship with the resulting morphology and grating geometry. 

4. To investigate the applicability of periodic nanostructures in the field 

of surface-enhanced Raman spectroscopy (SERS). 

5. To investigate the applicability of periodic nanostructures for metallic 

plasmonic RI-based sensors. 
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Scientific novelty and relevance of the work 

A fast femtosecond direct laser writing technique for single-step 

structurization of thin metallic films and the fabrication of large-scale, free-

form gratings with wavelength-sized periods was presented and 

systematically investigated. This research presents, for the first time, a 

detailed analysis of the DLW-produced gold nanostructures, their period-

induced morphological changes, and the overlapping effect that influences 

formation parameters. Furthermore, this work introduces quasi-1D arrays 

produced via DLW, which provide a unique platform possessing 2D physical 

geometry but exhibiting high-quality 1D-like spectral characteristics. This 

work also provides a combined theoretical-experimental analysis of 

plasmonic resonances in symmetric gratings, highlighting the interplay 

between the main and diagonal diffraction lattices and demonstrating dual-

angular tuning of the resonances. Finally, the research demonstrates a scalable 

route toward large-area plasmonic structures with application-specific 

morphology and functionality. This potential was demonstrated through the 

development of compact and high-throughput analytical platforms for SERS 

detection and refractive-index sensing. 

Statements to defend 

1. Using a constant-NA objective, decreasing fs laser wavelength from 

1030 nm to 343 nm expands the energy-dependent nanostructure formation 

fluence window by 3 times and reduces the achievable grating period down to 

450 nm, while control of film thickness and an increase in spatial pulse overlap 

provide additional morphological tuning with a lower modification threshold. 

2. Plasmonic resonances in 2D arrays exhibit morphology-dependent 

spectral behavior, as increasing nanostructure height leads to a redshift of the 

out-of-plane resonance, while manufactured quasi-1D gratings enable 

spectral-mode isolation by suppressing diagonal resonances. 

3. Grating-coupled resonances in symmetric 2D arrays possess the 

highest quality when excited along the high-symmetry axes (0°, 45°, and 90°), 

while their spectral positions across the whole Vis-NIR (400-1600 nm) range 

can be tuned through double-angular control by changing azimuthal (0°-90°) 

and incidence (8°-30°) angles. 

4. Morphological engineering of laser-fabricated plasmonic 

nanostructures provides application-specific functionality of large-scale 

gratings: high-aspect-ratio nanojets maximize SERS enhancement factor up 

to 2.73×107, while Ag-Au bimetallic nanobump gratings offer stability and 

tunable sensitivities exceeding 850 nm/RIU, sufficient for RI sensing.  
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1. LITERATURE REVIEW 

1.1. Nanophotonics and plasmonic excitations in 

metallic nanostructures 

Nanophotonics and rapid development in this area have led to increasing 

interest in controlling light and light-matter interactions at subwavelength 

scales. Here, plasmonics has emerged as one of the main research fields, 

combining physics and materials engineering. Surface plasmons (SPs) are 

collective oscillations of conduction electrons in metals that are excited under 

specific resonant conditions by external electromagnetic (EM) radiation. They 

are described as the displacement of the electron cloud from its equilibrium 

position relative to the positive ions. Because excitation occurs only at 

particular resonant frequencies, the process itself is referred to as plasmon 

resonance [9]. 

Plasmonic excitation is accompanied by increased optical extinction, near-

field enhancement, and strong EM-field localization, enabling efficient light 

coupling and confinement below the diffraction limit. During resonance, 

incident radiation is attenuated by two mechanisms: scattering (Mie 

scattering) and absorption. Scattering occurs when excited plasmons re-emit 

photons of the same frequency, while absorption results from non-radiative 

energy dissipation through inelastic processes within the lattice. The 

combined contribution of scattered and absorbed radiation produces an 

extinction band in the optical spectrum, which is observed as a resonance peak 

[28]. Generally, plasmonic properties are related to two physical phenomena: 

optical extinction and enhanced near-field effects. Optical extinction reaches 

a maximum at the plasmon resonance excitation frequency. Additionally, 

during resonance, nanoparticles behave as nanolenses, and the EM field is 

significantly amplified around the particle surface, while it rapidly weakens 

as it moves away from the particle. These two effects form the basis for 

plasmonic applications [2]. 

The interaction between metallic systems and the EM field is classically 

described by Maxwell's equations, which relate the electric and magnetic 

fields to the material's dielectric response [29]. Here, the complex dielectric 

function is the primary parameter governing the metal's optical response. To 

achieve plasmonic effects, the real part of this function has to be negative. A 

widely used model for describing metal-dielectric response is the Drude 

model, which treats conduction electrons as a free-electron gas. In this 

approximation, the dielectric function depends on the plasma frequency and 
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electron damping rate, below which metals exhibit negative permittivity. The 

plasma frequency is expressed as [29]: 

𝜔𝑝 = √
𝑛𝑒2

𝜀0𝑚
, (1) 

where n is the electron number density, e is the electron charge, ε0 is the 

vacuum permittivity, and m is the effective optical mass of the electron. 

Surface plasmon resonance (SPR) occurs when the EM wave frequency 

matches the natural electron plasma frequency, thereby causing the incident 

radiation to be absorbed. The main factors influencing this phenomenon are 

environmental properties (dielectric permittivity, absorption), particle size 

(absorption and scattering cross-section), and shape (morphology), as well as 

their concentration (distribution, dimer formation) and composition (material 

properties, doping, core-shell structures) [30]. Plasmonic oscillations are 

limited by losses associated with either radiative or non-radiative origins. 

Non-radiative losses originate from intrinsic electron scattering within the 

material, while radiative losses arise from the coupling of plasmonic 

oscillations to the far field [2, 31]. 

Among plasmonic metals, gold and silver are the most commonly used due 

to their favorable optical responses in the visible and near-infrared (near-IR) 

spectral range. Silver exhibits lower intrinsic losses, resulting in sharper and 

more intense resonances. However, it is less chemically stable and more prone 

to oxidation. Gold, in contrast, offers excellent chemical stability and 

biocompatibility, although it exhibits higher metallic losses [32]. Meanwhile, 

aluminum is often used in the ultraviolet (UV) range [33]. Although pure 

metals are usually used, the choice among these materials, or their 

combination in alloys or bimetallic systems, involves a compromise between 

optical performance and environmental stability and resistivity. 

1.2. Plasmonic modes 

Optical properties of plasmonic nanostructures heavily depend on the 

plasmonic modes they support. Metallic structures exhibit two fundamental 

surface plasmon modes, as well as other modes arising from interactions and 

their hybridization. Plasmonic interactions can be near-field, when the 

distances between metal structures are shorter than the resonant wavelength, 

or far-field, when this distance is exceeded [34]. 
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1.2.1. Localized surface plasmons 

The first fundamental mode is the localized surface plasmon (LSP), 

which occurs in individual metallic nanoparticles with dimensions smaller 

than the incident photon's wavelength. Under EM excitation, free electrons 

collectively oscillate throughout the nanoparticle volume at the radiation 

frequency. As a result, an oscillating dipole is formed across the entire 

nanoparticle, aligned parallel to the EM field. Such nanoparticles exhibit 

strong radiative damping, leading to broad resonant spectra [11, 28]. 

Commonly, LSP systems are described using the classical harmonic 

oscillator model. In the case of spherical nanoparticles, the oscillation of the 

electron cloud induced by interaction with the electric field can be described 

through the polarizability of the metal, from which the extinction cross-section 

is derived [29]: 

𝜎𝑒𝑥𝑡 =
18𝜋𝜀𝑑

3/2

𝜆
𝑉𝑁𝑃

Im𝜀𝑚
(Re𝜀𝑚 + 2𝜀𝑑)

2 + (Im𝜀𝑚)
2
, (2) 

where εm and εd are the dielectric constants of the metal and the surrounding 

dielectric medium, respectively, and VNP is the nanoparticle volume. From this 

expression, it can be seen that plasmonic properties strongly depend on the 

material itself through its dielectric function, while the extinction increases 

with increasing volume, and the maximum value is achieved when the 

denominator reaches its minimum value – LSP is excited at frequency [2]: 

Re(𝜀𝑚(𝜔)) ≈ −𝜒𝜀𝑑(𝜔), (3) 

where χ is the geometrical factor, equal to 2 for spherical nanoparticles. 

Generally, this mode is observed in homogeneous spherical nanoparticles with 

dimensions below 100 nm and is called the dipole surface plasmon. 

The presented relations demonstrate that LSPs are strongly dependent on 

nanoparticle size, shape, material, and the surrounding medium. However, 

these expressions are valid only for spherical nanoparticles, while for other 

geometries, LSPs exhibit different characteristics due to the presence of 

multiple polarization modes. Consequently, non-spherical nanoparticles 

exhibit several resonant peaks; for example, rod-shaped structures can be 

polarized along two principal axes, resulting in two distinct absorption peaks 

corresponding to transverse and longitudinal resonances [29]. 

1.2.2. Propagating surface polariton 

The second fundamental plasmonic mode is the surface plasmon 

polariton (SPP), which occurs at the interface between a conductor (metal) 
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and a dielectric due to the interaction of the EM field with plasma oscillations 

in the metal. SPP at the metal-dielectric interface cannot be excited directly 

by incident radiation, because the wavevector of light (more specifically, its 

in-plane component along the interface) is always smaller than the polariton 

wavevector, resulting in the absence of phase-matching conditions (Figure 

1.1a). The SPP wavevector is commonly expressed as [33]: 

𝑘𝑆𝑃𝑃 = 𝑘0√
𝜀𝑚𝜀𝑑
𝜀𝑚 + 𝜀𝑑

, (4) 

where kSPP and k0 are the SPP and the incident light wavevectors. 

 
Figure 1.1. a) SPP dispersion relation and phase-matching using a glass prism. SPP 

excitation using b) Kretschmann and c) Otto configurations. d) SPP dispersion 

relation and phase-matching using a grating. e) SPP excitation using a grating. 

To achieve wavevector matching and excite SPPs, several methods are 

used. The most common is the glass prism-based excitation, which requires 

three media: a conductor (metal) and two different dielectrics (air and prism). 

The principle is based on total internal reflection (TIR) within the prism, in 

which the reflected light acquires an in-plane wavevector component 𝑘𝑆𝑃𝑃 =

𝑘0√𝜀𝑑sin𝜃, thereby enabling SPP excitation at the metal-air interface [35, 

36]. These propagating polaritons are not excited at the metal-prism interface 

because the prism wavevector intersects the SPP propagation dispersion only 

at the metal-air interface and does not satisfy the condition for the metal-prism 
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boundary (Figure 1.1a). Depending on the prism arrangement relative to the 

thin metal film, two excitation geometries can be distinguished: Kretschmann 

and Otto configurations. The more common Kretschmann configuration [35] 

uses a metal layer deposited directly onto the prism surface (or in contact 

without a gap), with SPPs excited on the opposite side of the metal (Figure 

1.1b). In this case, light propagating in the prism at an angle exceeding the 

critical angle tunnels through the metallic film. In the Otto configuration [37], 

an air gap is present between the prism and the metal surface. Under TIR 

conditions, the evanescent field tunnels through the air gap and excites SPPs 

at the upper film surface Figure 1.1c. This configuration is advantageous when 

direct contact with the metal must be avoided. 

An alternative method for SPP excitation, intended to eliminate the need 

for an additional optical element (a prism), is grating-based coupling. This 

is achieved by structuring the metal surface into periodic arrays of grooves, 

holes, or nanostructures [38, 39]. The periodic arrangement enables SPP 

excitation due to the grating compensation for the light wavevector (Figure 

1.1d), when the matching condition can be expressed as [40]: 

𝑘𝑆𝑃𝑃 = 𝑘0sin𝜃 ±
2𝜋𝑛

𝑠
, (5) 

where θ is the angle of incidence, n is the diffraction order, and s is the grating 

period. In this type of excitation, the plasmonic response strongly depends on 

the array period, morphology, and angle of incidence. Both one-dimensional 

and two-dimensional gratings may be employed for SPP excitation (Figure 

1.1e). This diffraction-based excitation can be described either by a complex 

two-dimensional (2D) diffraction grating or by a simplified one-dimensional 

(1D) formula [41]. 

Although the aforementioned methods are suitable for SPP excitation, they 

are not suitable for localized excitation at specifically selected positions, and 

more precise approaches have been developed. One such method employs a 

tightly focused beam with a high numerical aperture objective (NA > 1) 

together with an immersion oil. The large NA provides a broad distribution of 

incident angles, ensuring wavevector matching and SPP excitation [42]. This 

methodology enables excitation not at a single wavelength, but also using a 

broadband white-light source continuum. 

Another excitation technique is near-field excitation, enabling polariton 

generation within an area smaller than the diffraction limit. In this approach, 

a tapered aperture, commonly fabricated from an optical fiber, acts as a point-

like source, directing radiation onto the sample. Since photons propagate 

through an aperture smaller than the SPP wavelength, an efficient excitation 
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of the plasmonic mode becomes possible. Also, such precise positioning 

enables localized excitation at specific points on the sample [43]. 

The near-field decay length of SPP modes is approximately 40-50 times 

larger than that of LSPs, so SPP-based structures provide higher bulk 

sensitivity. Also, such SPP waves can propagate along a plasmonic surface 

over distances ranging from tens to hundreds of nanometers [1]. However, the 

use of fundamental (LSP or SPP) plasmonic modes limits the practical 

applicability of the structures, so hybrid plasmonic modes are commonly 

employed. Coupling between different plasmonic modes can provide 

nanostructures with additional optical properties, thus improving their 

performance and broadening their range of applications [44]. 

1.2.3. Hybrid plasmonic modes 

Periodic metallic nanostructures can function not only as platforms for SPP 

excitation but also as light-scattering and diffractive elements, giving rise to 

hybrid plasmonic modes. One of these is surface lattice resonance (SLR), 

which emerges from the coupling between diffracted light and LSPs supported 

by metallic nanoparticles within a periodic array [45-47]. If individual 

nanoparticles are arranged in an array with a period comparable to the 

wavelength of light, the LSPs couple diffractively via the Rayleigh anomaly, 

thereby producing a hybrid plasmonic-photonic mode. In this case, the light is 

scattered by each nanoparticle while maintaining phase-matching with the 

diffracted light and the adjacent structures' resonance, thus reducing radiative 

losses and increasing the coherence of the collective response. This SLR 

results in narrower resonance linewidths and higher quality factors than those 

of isolated nanoparticles [48]. 

The spectral position and characteristics of the SLR can be tailored by 

adjusting the nanoparticle size, morphology, and array periodicity. Efficient 

excitation of SLR requires both strong localized plasmonic resonances and 

long-range diffractive coupling. If the structural dimensions are too small, the 

collective dipolar interaction may be insufficient to compensate for radiative 

damping, thereby preventing the effective formation of the SLR. Furthermore, 

out-of-plane plasmonic modes can enhance coupling and generate high-

quality resonances [49-51]. 

Additionally, when periodic metallic nanostructures are produced on the 

metallic film, both SLR and SPP modes can be excited [10, 52], and 

diffractively coupled hybrid lattice plasmon resonance (HLPR) can be 

achieved [22, 53], which will be referred to as grating-coupled resonance. 

Since this excitation is, as well, diffraction-based, the theoretical resonant 
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wavelength for a squared grating can be determined from the 2D diffraction 

formula in plasmonic gratings [54]: 

𝜆𝑟𝑒𝑠,2𝐷 =
𝑠

(𝑚2 + 𝑛2)
(−𝑚sin 𝜃 ± √

𝜀𝑚𝜀𝑑
𝜀𝑑 + 𝜀𝑚

(𝑚2 + 𝑛2) − 𝑛2 sin2 𝜃) , (6) 

where m and n are diffraction orders in the plane of incidence and the 

perpendicular plane. From this formula, simplified 1D-type diffraction can be 

derived as a special case [22]. 

1.3. Control of plasmonic properties 

Surface structuring modifies both the properties of individual 

nanostructures and enables control over the interaction of EM radiation with 

the material, thereby altering the properties of the entire plasmonic system. 

The properties are determined by the characteristics of the fabricated 

structures, including their size, shape, composition, degree of aggregation, and 

concentration. These parameters govern the most important functional 

properties – their ability to absorb EM radiation, transport the generated 

charge carriers, and emit light [55]. 

Among the parameters, the size of nanostructures is particularly 

important in determining their optical response. As discussed previously, 

LSPs are excited in particles with dimensions lower than the wavelength of 

incident radiation. An increase in nanoparticle size leads to a redshift of the 

resonant peak [56]. However, when the size becomes comparable to or 

exceeds the wavelength, the electric field distribution within the particle is no 

longer spatially uniform. Consequently, the polarization of the electron cloud 

becomes non-uniform, leading to the excitation of higher-order multipolar 

plasmonic modes. This transition from dipolar to multipolar behavior leads to 

broadening and a shift of plasmonic resonances toward longer wavelengths 

[2, 28]. 

Changes in the optical response are also observed when the shape of the 

nanostructures is modified. Symmetry reduction of a particle is a widely used 

approach for tailoring the spectral position and intensity of plasmonic 

resonances. For example, spherical gold nanoparticles exhibit a single 

resonant peak near 520 nm, whereas cylindrical or more complex structures 

support two or more distinct modes. In the case of gold nanorods, two peaks 

are observed, corresponding to transverse and longitudinal plasmonic modes 

[57, 58]. The transverse mode is relatively weak and appears within the visible 

spectral range, while the longitudinal mode is stronger and occurs in the near-

IR region. Also, an increase in the aspect ratio of these nanorods results in a 
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redshift of the longitudinal mode [8]. Meanwhile, structures with more 

complex geometries (nanocubes, nanoprisms) [59, 60] exhibit more intricate 

interactions with radiation, leading to broader LSP resonances that span a 

wider spectral range. Such structures often provide stronger near-field 

enhancement, particularly at sharp corners and edges, where the EM field 

becomes highly concentrated. 

The properties are also strongly influenced by the material composition. 

Noble metals, including gold, silver, and copper, dominate in plasmonic 

applications due to their resonances appearing in the visible and near-IR 

spectral regions. In contrast, aluminum, indium, and gallium possess higher 

plasma frequencies and are therefore employed in UV plasmonics. Other 

metals, such as lithium, could support resonances over a broader range, but 

practical applications are limited by their high chemical activity [2, 8]. Such 

structures are not only limited to pure metals but can also be fabricated from 

hybrid materials consisting of metal-dielectric or metal-metal combinations 

[61]. Surface chemical properties can be modified by coating nanostructures 

with a secondary material, thereby improving their stability and oxidation 

resistance. The optical response of multimetallic nanostructures can generally 

be categorized into three regimes: optical properties of individual components 

remain distinguishable; intermediate optical characteristics of both constituent 

metals are obtained; entirely new optical properties emerge. This behavior 

primarily depends on whether the components produce a distinct phase or a 

homogeneous alloy. In the case of noble metal alloys (Au, Ag, Cu), the optical 

response is dominated by the metal possessing larger interband electronic 

transitions [62], while the resonant wavelength also linearly depends on the 

relative concentration of the metals [63]. Core-shell nanostructures depend on 

the thicknesses – as the shell thickness increases, the resonance associated 

with the core becomes suppressed, while the shell mode dominates the optical 

response. By adjusting the relative dimensions of the core and shell, the 

plasmonic resonance can be continuously tuned [64]. In addition, noble metal 

combinations with magnetic materials are used to produce magnetoplasmonic 

nanostructures [65]. 

Plasmonic properties are further affected by the number and density of 

nanostructures, as well as the degree of aggregation. As discussed previously 

in the context of SLRs, the LSP modes of closely spaced nanoparticles interact 

via EM coupling, thereby modifying their optical response [45]. The simplest 

example is a dimer composed of two metallic nanospheres. Here, LSP 

coupling results in a decrease in the resonant frequency for excitation along 

the dimer axis and an increase for excitation perpendicular to it [66, 67]. More 

complex agglomerates containing tens of nanoparticles exhibit two dominant 
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spectral bands: one near the resonant wavelength of an isolated nanoparticle, 

and a second one shifted toward longer wavelengths [68]. In contrast, periodic 

arrays exhibit collective optical responses. When the spacing is close to the 

LSP mode wavelength, the far-field interference between neighboring 

structures narrows the resonance linewidth [44]. Additional arrangements in 

which periodic nanoparticle arrays are organized into larger periodic 

superlattices can support multiple narrow resonant peaks [11, 45, 69]. 

1.4. Fabrication techniques of plasmonic gratings 

Metallic micro- and nanostructures for plasmonics and nanophotonics are 

in high demand for their scalability, repeatability, and uniformity; therefore, 

various fabrication techniques have been developed to produce plasmonic 

gratings. Methodologies are generally categorized into two approaches: top-

down, which relies on traditional lithographic methods to process bulk 

material into specific structures, and bottom-up, which utilizes the interaction 

of atoms and molecules to assemble nanostructures [70, 71]. Here, the main 

fabrication techniques for plasmonic structures and their arrays are presented. 

1.4.1. Lithography-based techniques 

Electron beam lithography (EBL) is one of the main top-down 

techniques that uses a sharply focused electron beam to scan thin resist layers, 

thereby modifying areas to become more or less soluble in organic solvents. 

The process follows three stages: coating the substrate with a resist, electron-

beam exposure to alter its chemical structure, and chemical development [72]. 

Depending on the structure shape, positive resist is more commonly used for 

metal structures, while negative resist is used to create holes in the sample 

[73]. Once the required pattern has been formed, the resist is used as a mask 

during etching or deposition processes to produce micro- or nanostructures 

with the desired geometries [11]. The main advantage of EBL is its high 

resolution and extremely small feature sizes (5-10 nm), achieved because the 

electron wavelength is significantly smaller than that of photons, thereby 

bypassing the diffraction limit [74]. Despite its precision, EBL faces 

significant throughput challenges because the small beam is scanned point-

by-point, limiting its use to small-area research. Additionally, the proximity 

effect, caused by electron scattering in the resist, can lead to unintended 

exposure of areas near the beam, resulting in rounded-edge structures. Also, 

this method is limited to film thicknesses below 100 nm due to the limited 

electron penetration depth [72]. The periodic nanostructures produced with 

EBL can be of any complex shape, from dual nanostars with tips of 50 nm 
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[75] or nanoprisms with a period of 225 nm [76] to C-shaped [77] or chiral 

and hierarchical arrays [78]. 

Focused ion beam (FIB) lithography employs ions (usually Ga+) for the 

additive or subtractive structuring of materials. In FIB milling, high-mass ions 

directly remove material from the substrate surface without a mask (Figure 

1.2a). The material removal and penetration depth of ions can be precisely 

controlled by adjusting the ion energy [72]. This dry, single-step process has 

a major advantage over EBL: it eliminates the need for resist coating, 

development, or pattern transfer. FIB can achieve a resolution of 

approximately 5 nm and can fabricate structures with vertical sidewalls, as 

ions have a much shorter wavelength and lower scattering probability than 

electrons [55]. However, FIB systems are expensive and, similar to EBL, have 

low throughput, making them unsuitable for large-scale production. Also, Ga+ 

ions can contaminate the surface, as they can be implanted in the processed 

zone. Structures fabricated using FIB are usually holes milled in metallic 

films, with the narrowest zones reaching around 15 nm [79]. More complex 

structures include chiral spirals with 80 nm wide strips [80] or cylindrical 

arrays [81]. The fabrication of isolated structures requires removing the 

surrounding film, making the process extremely slow and practical only for 

small arrays. Also, a combination of EBL and FIB is used to improve 

resolution and minimize defects, when after fabrication of the primary 

nanostructure with EBL, FIB is used to finalize the structural shape [82]. 

To overcome throughput and cost limitations, soft lithography has 

emerged as a high-efficiency alternative for large-area modification. It relies 

on a soft elastomeric polydimethylsiloxane (PDMS) stamp, which is favored 

for its mechanical strength, chemical inertness, transparency in the visible 

range, and reusability. Typically, a stamp is produced from a master fabricated 

using slower EBL or FIB techniques [83]. This method is significantly cheaper 

than previously described beam-based methods, as it eliminates the need for 

expensive optics and vacuum systems. Also, its high throughput makes it ideal 

for mass production of large-scale samples and for implementation in roll-to-

roll systems [72]. A major drawback is that stamp fabrication is costly, and a 

new master must be created for every design change. Additionally, the 

elastomeric nature of PDMS can lead to pattern distortion or deformation, and 

it cannot replicate complex structures with high precision [71]. A similar 

method is nanoimprint lithography, in which a rigid master is pressed into 

a resist to produce polymerized structures [55] (Figure 1.2b). The most 

common morphologies are periodic hole arrays or cylinders [14, 84]. Also, 

linear gratings with diameters on the order of tens of nanometers can be 

achieved with a few-nanometer interstructural spacing [85]. As an extension 
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of this technique, soft-lithography stamps can be used to self-assemble 

colloidal nanoparticles into ordered arrays exhibiting high-quality resonances 

[86, 87]. 

 
Figure 1.2. Metallic nanostructure fabrication methods: a) EBL and FIB, b) Soft 

nanoimprint lithography, c) LIFT, d) LIPSS, and e) DLW. 

1.4.2. Laser-assisted fabrication techniques 

Alternative techniques for periodic structure formation rely on laser 

processing, in which the material can be either completely removed or 

partially modified to produce plasmonic arrays via laser-metal interaction. 

Ultrashort laser pulses enable precise, clear structuring of various materials, 

from metals to ceramics and dielectrics. When the material is exposed to 

nanosecond pulses, the dominant process is melting, whereas with 

femtosecond pulses, surface ablation and deformation occur without heat 

diffusion and with a minimal heat-affected zone [88]. 

One such laser-based method is laser-induced forward/backward 

transfer (LIFT/LIBT), which enables localized deposition of donor material 

onto a substrate, called an acceptor, via melting and ablation of the donor. In 

the case of LIFT, a laser illuminates a transparent donor substrate, partially 

vaporizing and ejecting donor material, which is then deposited onto the 

acceptor substrate (Figure 1.2c). The main difference in LIBT is that the laser 

illuminates through a transparent acceptor [89]. The key feature of this method 

is that the donor material is melted and remains in the liquid phase throughout 

the transfer process until it reaches the substrate, where it forms spherical 

nanoparticles [90]. However, even slight inhomogeneity in laser absorption 

significantly affects the size and position deviations of printed structures [91]. 
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Laser pulses can also be used to produce periodic ripples on a metal surface 

across the entire beam spot area. These laser-induced periodic surface 

structures (LIPSS) manifest as periodic lines ranging in size from a few 

micrometers to 100 nm, with the period and orientation depending on the 

wavelength and polarization of the light (Figure 1.2d). The formation 

mechanism is still under discussion: whether it is based on interference 

between incident and scattered radiation, or on self-organization and 

absorption-related atomic diffusion and hydrodynamic motion of the melt, 

leading to spontaneous surface modifications [92]. Since the LIPPS period is 

close to the wavelength of light, such gratings are used to alter wettability, 

create a self-cleaning surface, or produce surface coloration [93]. 

Finally, direct laser writing (DLW) can be used to form metallic 

nanostructures. Frequently, such a technique, when a laser beam is tightly 

focused within the polymeric sample, is used to create three-dimensional (3D) 

polymerized structures in a transparent material via multiphoton absorption 

[94, 95]. However, such a method can also be used to modify thin metallic 

film surfaces. By implementing single femtosecond pulses to structure metals 

characterized by a high elastic modulus, surface modifications with varying 

morphologies can be produced [96-98]. Laser-induced modification of thin 

films includes mechanical and thermodynamic processes. Upon irradiation, 

the deposited energy is transferred to the metal, resulting in rapid heating and 

melting within the central area of the beam. At relatively low pulse energies, 

adhesion between the film and substrate is weakened, leading to metal 

delamination and expansion away from the substrate (Figure 1.2e). The final 

morphology and height are governed by the balance among surface tension 

forces, cooling, and the material's solidification rate. At higher energies, mass 

redistribution occurs, resulting in the formation of differently shaped 

structures [99, 100]. Heat dissipation begins at the substrate, causing the 

molten material in the central part to rise due to the momentum gained, 

producing a high, narrow, jet-like tip [101]. 

1.5. Applications of plasmonic grating structures 

Advanced fabrication techniques used to produce plasmonic structures and 

their periodic arrays have enabled convenient tunability of structural 

parameters and resulting plasmonic responses. This opportunity greatly 

expands the usability of such structures in various fields, as the parameters 

can be tailored to each specific application. In the following section, the main 

applications of plasmonic gratings are presented. 
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1.5.1. Surface-enhanced Raman spectroscopy 

As mentioned previously, one of the two main phenomena observed in 

plasmonic structures is near-field enhancement. Due to this amplification, 

plasmonic particles are used in surface-enhanced Raman spectroscopy 

(SERS). By measuring inelastic Raman scattering, it is possible to obtain the 

exact molecular fingerprint of its vibrations. However, such a scattering signal 

is relatively weak and requires a large concentration of molecules to be 

detected. Meanwhile, by utilizing plasmonic structures near the investigated 

molecules, the signal can be greatly amplified and detected at low molecular 

concentrations, or even at single-molecule levels. Structures with sharp tips or 

several nanometer spacings create hot spots with extreme signal enhancement, 

reaching up to 10 orders of magnitude [102, 103]. The strongest SERS signals 

are obtained when the excitation is close to the resonant wavelength of the 

used structures [104]. The periodic arrangement increases signal intensity and 

enables tunability of the resonance via variations in size or period [105, 106]. 

Also, a high uniformity of the enhancing structures is required, which can be 

achieved in metallic gratings. 

Owing to its high sensitivity and molecular specificity, plasmonic grating-

based SERS is applied to low-level detection in chemical analysis, 

environmental monitoring, and food safety [13, 107]. It has been successfully 

employed for the detection of chemical traces of dye molecules, food allergens 

and contaminants, explosives, and other hazardous substance traces [108, 

109]. This method is also used for bioanalysis. Accurate detection of proteins 

and biomolecules, as well as infectious diseases and tumors, can be performed 

using such structures [110, 111]. 

1.5.2. Refractive index sensing 

Another major application is based on the observed absorption peaks and 

SPR sensitivity to changes in the local refractive index (RI) around the 

plasmonic structure. When biological molecules or chemical analytes bind to 

the surfaces of the structures, the RI changes, thereby modifying the SPP 

excitation conditions and the spectral resonance position. Since this shift is 

directly dependent on the surrounding medium RI, it enables the identification 

of attached molecules or changes in concentration [38, 50, 112]. The 

sensitivity of such platforms and their performance highly depend on the 

linewidth of the resonant peak, which is determined by radiative and 

nonradiative losses. Narrow resonance peaks enable the detection of smaller 

spectral shifts and improve detection resolution; therefore, loss reduction is 

highly desirable in this area. A considerable amount of research has focused 
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on developing structures that support ultranarrow plasmonic modes, leading 

to the use of metallic arrays [113]. 

Such RI-based grating sensors are investigated for chemical and biological 

sensing. Periodic hole arrays, nanoparticle arrays, and hybrid plasmonic 

gratings have demonstrated the ability to label-free detect cancer cells, 

bacteria, and biochemical markers [14, 114]. Beyond this, such sensors are 

employed for gas sensing, liquid analysis, and real-time detection of molecular 

adsorption processes [15, 115]. Their compatibility with microfluidic systems 

makes them attractive for integrated sensing platforms. Recent advances have 

also improved RI-sensing performance through the combination of plasmonic 

nanostructures and gain materials with the nanolasing concept. Such coupling 

leads to ultranarrow linewidths and responses several hundred times larger 

than those of a typical SPR sensor [116, 117]. 

1.5.3. Other applications 

The enhancement of the near-field in plasmonic nanoparticles can be 

applied not only to SERS but also to photoluminescence, absorption, and 

nonlinear interaction amplification. The 2D transition metal dichalcogenide 

(TMDC) monolayers, such as MoS2 and WS2, typically exhibit weak light-

matter interaction, with low-intensity photoluminescence (PL) emission. 

Metallic nanostructures combined with these TMDCs can greatly enhance the 

signal due to SPR coupling with excitons. The PL intensity can be enhanced 

several hundredfold for MoS2 [118, 119] and WS2 [120], as well as for 

quantum dot emission [121]. Similar gratings are used to enhance nonlinear 

phenomena (second harmonic generation) [122, 123] and nanolasing [18]. 

Finally, the strong EM field localization at the metallic arrays enables the 

use of such samples as perfect light absorbers, consisting of an array-

dielectric-metal configuration. Due to the interaction between the top metallic 

grating and the bottom metallic film, perfect absorption can be achieved. The 

efficiency, absorbed wavelength, and intensity are controlled and tuned by 

accurate array engineering [124], thereby achieving both narrowband [125] 

and broadband [126] absorbing platforms. 
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2. ANALYSIS AND EXPERIMENTAL 

METHODOLOGY 

Experimental methodology will be divided into two parts. The first will 

describe the preparation of the sample, its microstructuring, and the 

fabrication of nanostructures. The second will describe the equipment used for 

the investigation of the samples (structural and plasmonic properties). 

2.1. Materials and sample preparation 

2.1.1. Thin film deposition 

The experiments were carried out on thin metallic films deposited on 1 mm 

thick microscopic soda-lime glass substrates (Biosigma VBS653). The films 

were deposited using a magnetron sputter coater (Quorum Q150T). Most of 

the samples investigated in [P1]-[P6] were prepared using a gold target, at a 

deposition rate of 0.26 nm/s. Meanwhile, for the sensing-related studies 

reported in [P6], additional silver films were deposited at a rate of 0.59 nm/s. 

For the same study, a silver-gold bilayer sample was prepared by sequentially 

depositing silver and gold layers. In some experiments, prior to metal 

deposition, an additional 3 nm-thick titanium adhesion layer was deposited at 

a rate of 0.175 nm/s to enhance metal adhesion to the substrate. A summary 

of the coatings used is provided in Table 1. 

Table 1. Thin films used for the experiments. 

Material Thickness, nm Deposition time, s Publications 

Au 

25 94 [P2] 

50 188 [P1]-[P3],[P5],[P6] 

75 283 [P2], [P5] 

100 377 [P2],[P4],[P5] 

125, 150, 175, 

200 

472, 566, 660, 

755 
[P5] 

Ag 50 84 [P6] 

Ag-Au 25-25 42-94 [P6] 

Ti 3 17 [P3],[P6] 
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2.1.2. Sample fabrication 

Plasmonic nanostructures on thin metal films were fabricated using direct 

laser writing with a tightly focused femtosecond (fs) laser to locally modify 

the layer. In this method, a laser beam induces melting, modification, or 

ablation of the metal surface, thereby enabling the formation of periodic 

structures via direct microfabrication. The Yb:KGW based fs-laser (Pharos, 

Light, Conversion) beam was focused onto the sample using a high-NA 

objective (Mitutoyo Plan Apo Infinity Corrected 100x/0.5NA), while the 

sample was mounted on a translation stage. The laser source provided linear 

polarization. Depending on the research, three fs laser harmonics were used 

for fabrication: 1030 nm, 515 nm, and 343 nm. Laser parameters are listed in 

Table 2. The wavelength, pulse duration, and beam quality parameter M2 were 

specified by the laser manufacturer in the parameter sheet. A typical 

fabrication setup (Figure 2.1) consists of a laser source, mirrors for guiding 

the beam, an attenuator, a beam reducer made as a Galilean telescope from bi-

convex and bi-concave lenses (f = 100 mm and f = -50 mm), a high-NA 

objective, and a movable translational stage. An additional charge-coupled 

device (CCD) camera was mounted in the system's 3rd-harmonic path to 

visualize the magnified sample and enable real-time monitoring of the 

fabrication process. An additional objective (Olympus UPlanFL N 

20x/0.5NA) was used for CCD visualization at 1030 nm and 515 nm 

fabrication, whereas for 343 nm, the same objective as for DLW was used. 

The sample along the x and y axes was moved using linear stages (Aerotech), 

while the focus position in the z direction was changed by moving a stage on 

which the telescope with an objective was mounted. The laser and scanning 

stages were controlled using the Direct Machining Control (DMC) software. 

 
Figure 2.1. Laser fabrication setup scheme for a) 1030 nm and 515 nm wavelengths 

and b) 343 nm wavelength. 
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Table 2. Laser parameters used for the experiments. 

Laser source Pharos, Light Conversion 

Wavelength 1030 nm 515 nm 343 nm 

Pulse duration 249 fs 

M2 1.1 1.07 1.06 

Base rep. rate 100 kHz 

Pulse picker rep. 

rate 
7 kHz 7 kHz 7 kHz / 20 kHz 

Objective Mitutoyo Plan Apo NIR 100x 
Mitutoyo Plan 

Apo NUV 100x 

Focused beam 

spot size 
2.2 µm 1.1 µm  0.8 µm 

Pulse energy 7.5 – 10 nJ 0.2 – 1.9 nJ 0.3 – 4.0 nJ 

Fluence 
0.4 – 0.507 

J/cm2 

0.043 – 0.4 

J/cm2 

0.126 – 1.68 

J/cm2 

Scanning speed 0.7 – 14.7 mm/s 

Publications [P1] [P1], [P3] 
[P1], [P2], [P4]-

[P6] 

Periodic 2D gratings were fabricated using the DLW technique by 

unidirectionally scanning a focused laser beam along the sample surface 

according to a predefined template. Since only a single fs pulse is required for 

the formation, a pulse picker was implemented to separate pulses at a specific 

rate matched to the scanning speed. The in-line period of the scanned line, as 

well as the pulse overlap, was adjusted by varying the translation speed or the 

pulse picker rate (Figure 2.2a). Mainly, this rate was maintained constant at 

7 kHz, with the translation speed being adjusted according to the period by: 

𝑣 = 𝑠 ∙ 𝑓𝑃𝑃 , (7) 

where s is the in-line period, and fPP is the pulse picker repetition rate. The 

distance along the perpendicular axis was determined in the software by 

defining the spacing d between the scanning lines. To produce a uniform array 

at all edges, additional acceleration and deceleration were implemented before 

and after the fabrication zone. Pulse energy control was achieved using an 

attenuator. The average power was measured using a Centauri (Ophir) power 

meter with a silicon photodiode sensor (PD300-TP) for 1030 nm and 515 nm, 

and PD300-UV for 343 nm, with an in-built filter. The power was measured 

at a constant laser base repetition rate (100 kHz), and the single-pulse energy 

was calculated by dividing the average power by this base repetition rate. 
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Figure 2.2. a) Direct laser writing formation scheme. b) Overlapping effect of the 

laser beam and layer modification zone. c) Free-form array produced on gold film. 

The formation of the nanostructures is driven by thermal stresses induced 

in the film by the laser pulse. After irradiation, either plastic deformation or 

melting and subsequent resolidification results in morphologically distinct 

structures. Due to the Gaussian intensity distribution of the laser beam, most 

of the pulse energy is concentrated in the central region, where the 

modification threshold is exceeded first. Therefore, working at the threshold, 

structures can be produced only in the central region of the beam (Figure 

2.2b), resulting in dimensions smaller than the focal spot and enabling 

structure fabrication with pulse overlap. In this way, an array of any free-form 

shape can be produced (Figure 2.2c). 

The periodic square-shaped arrays of 100×100 µm2 dimensions were 

fabricated for structural analysis and SERS measurements, while larger arrays 

(3×3 mm2) were produced for optical properties measurements.  

2.2. Instrumentation and analysis 

2.2.1. Morphological characterization 

After fabrication, structural characterization was primarily performed 

using an optical microscope (Nikon Eclipse LV100D) to study large-area 

uniformity, periodicity, and defect localization.  

Afterward, an investigation was conducted using a scanning electron 

microscope (SEM) (Helios NanoLab 650) to determine the morphology of the 

obtained structures and measure their feature sizes. The SEM micrographs 

were obtained in two regimes: a top view (0°) and at angles of 52° in [P6] and 



36 

57° in [P1]-[P5]. Magnification was 35000x and 100000x. Additionally, in 

[P2], [P4], and [P6], the cross-sections of the structures were prepared by 

sputtering a thin Pt layer to enhance contrast, followed by cutting the 

structures with focused Ga ions.  

The morphology of the structures was determined from their height-to-

diameter ratio. Structures of hemispherical shape with a diameter greater than 

their height were called bumps; structures with similar dimensions were 

cones; and jets were structures with a high, narrow protrusion in the central 

part. Structural diameters and heights were measured from SEM micrographs 

using ImageJ analysis software. 

2.2.2. Optical and spectral characterization 

The spectral characterization and reflection measurements were performed 

using a spectrophotometer (EssentOptics Photon RT). The responses were 

measured for both perpendicular s- and p-polarizations in the 400-1600 nm 

range with a 4 nm step for [P1]-[P3] and a 1 nm step for [P4], and in the 600-

2000 nm range with a 1 nm step for [P6]. The angle of incidence (AOI) was 

set to 8°, with additional measurements at 15°, 30°, 45°, and 60°. The samples 

were measured at two azimuthal angles: φ = 0°, when the plane of incidence 

(PI) is parallel to the laser scanning lines (Figure 2.3a), and φ = 90°, when the 

PI is perpendicular to the laser scanning lines (Figure 2.3b). Additional 

azimuthal rotation from φ = 0° to φ = 180° in 15° increments by manual 

rotation of the sample was performed for [P4]. For all measurements, a 2 mm-

diameter circular aperture was placed at the light source to enhance the signal 

and ensure that the signal was obtained solely from the structured array. 

The resonant peaks observed in the spectra were qualitatively investigated 

for relative comparison. For comparison with other articles, the quality factor 

(Q-factor, QF) was expressed as: 

𝑄𝐹 =
𝜆𝑟𝑒𝑠

𝐹𝑊𝐻𝑀
, (8) 

where λres is the central resonance wavelength, and FWHM is the width of the 

peak at half its height. We introduced an additional parameter that accounts 

for both the peak width and its depth, as the latter parameter shows the light-

plasmon coupling efficiency. This modified quality factor (MQ-factor, MQF) 

was described as: 

𝑀𝑄𝐹 =
𝜆𝑟𝑒𝑠 ∙ ℎ

𝐹𝑊𝐻𝑀 ∙ 100%
, (9) 

where h is the depth of the peak. However, in the literature, only the Q-factor 

is used; therefore, this MQ-factor is only suitable for internal comparisons of 

resonances in this work. Because the spectral peaks were asymmetric, the 
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calculations were performed by measuring depth from the lower-reflection 

side (usually, lower-wavelength), as depicted in Figure 2.3c. 

 
Figure 2.3. Spectrophotometer measurement scheme for a) φ = 0° and b) φ = 90° 

azimuthal angles. c) Analysis and determination of the depth and width of the resonant 

peaks. 

2.2.3. Simulation of plasmonic properties 

EM field distribution and reflection spectra for gold nanostructures were 

calculated using the finite element method (FEM) in the COMSOL 

Multiphysics solver. In [P2], linearly polarized light ranging from 800 to 

1600 nm in 5 nm steps was used to irradiate the structures at an AOI of 8°. 

For [P5], linearly polarized 785 nm radiation was used for excitation at normal 

incidence. A rectangular domain containing a single nanostructure was used, 

with Floquet periodic boundary conditions (1 µm period) and two perfectly 

matched layers (PMLs) applied below and above the domain. The gold 

dielectric function was based on Johnson and Christy's data [127]. The 

surrounding medium was air (n = 1), and the substrate was soda-lime glass on 

which a thin 100 nm gold film was deposited. The air domain thickness was 

determined to be twice the wavelength used. Structures were described as 

hollow ellipsoids, cones, and truncated cones with solid spikes. The 

dimensions of the structures were taken from SEM micrographs. 

Theoretical reflection spectra and near-field distributions for a 2D 

symmetric nanobump grating analyzed in [P4] were computed using 
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Lumerical finite-difference time-domain (FDTD) solver. Here, the structure 

was described using a unit cell with Bloch boundary conditions in the grating 

directions and PMLs in the light-propagation direction. Unit cell with a 1 µm 

period consisted of dielectric (n = 1.51 at 900 nm) covered with a 100 nm gold 

film. Oblique-incidence results were simulated using the Broadband Fixed 

Angle Source Technique (BFAST) with a source from 400 nm to 1600 nm and 

1 nm spectral resolution. During the simulations, AOIs of θ = 8°, 15°, 30° and 

azimuthal angles of φ = 0°, 15°, 30°, 45° were chosen.  

2.2.4. SERS measurements 

Raman spectroscopy and SERS measurements were performed to 

investigate local electromagnetic field enhancement at the structures and to 

evaluate their SERS performance, as described in [P5]. The 4-

mercaptobenzoic acid (4-MBA) self-assembled monolayer was used as a 

reporter in the SERS experiment. The gold samples, with thicknesses ranging 

from 50 to 200 nm in 25 nm increments, were immersed in a 1 mM 4-MBA 

isopropanol solution for 6 hours. Subsequently, they were rinsed with 

isopropanol solution and dried under N2 gas. 

 The SERS spectra were measured using an inVia Raman spectrometer 

(Renishaw) equipped with a thermoelectrically cooled (-70°C) CCD camera 

and a 50x/0.5NA objective with a long working distance. Meanwhile, the 

Raman measurements were performed using a 5x/0.12NA objective with a 

14 mm working distance and a grating (1200 lines/mm). For these Raman 

measurements, a 0.25 M (250 mol/m3) MBA in isopropanol solution was 

analyzed. The excitation source was a 785 nm diode laser with an average 

power of 0.8 mW. The spectra were recorded at the focus of the integrated 

confocal microscope (Leica), with an accumulation time of 9 s. The Raman 

scattering wavenumber axis was calibrated by the Si-Si vibrational mode at 

520.7 cm-1. During SERS measurements, the beam was focused to a 1.2 µm 

spot, thereby covering and recording the response from a single metal 

nanostructure. The signal was registered over time and then normalized to 1 

second. Additionally, a mapping of the sample was performed over a 5×5 µm2 

surface area with a step of 1 µm. 

One of the main parameters used in SERS, an enhancement factor (EF), 

was calculated using the formula: 

𝐸𝐹 =
𝐼𝑆𝐸𝑅𝑆 ∙ 𝑁𝑅
𝐼𝑅 ∙ 𝑁𝑆𝐸𝑅𝑆

, (10) 

where IR and ISERS are the intensities of Raman and SERS spectral bands, while 

NR and NSERS correspond to the average number of excited molecules in Raman 
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and SERS experiments. Since Raman measurements were performed in a 

solution, the following formula was used for the number of excited molecules: 

𝑁𝑅 = 𝑉𝑅 ∙ 𝐶𝑅 ∙ 𝑁𝐴 (11) 

where NA is the Avogadro constant, CR is the analyte concentration, and VR is 

the Raman probe volume. For the latter probe volume, the 785 nm wavelength 

was used with a 7.7 mm unfocused beam diameter and a focal length of 1.75 

mm. Therefore, the calculated probe volume was 8.38×10-17 m3, resulting in 

an excited-molecule count of 1.26×1010 in the Raman measurements. 

Meanwhile, for SERS measurements, the laser beam was focused to a 

1.2 µm-diameter spot on the surface, corresponding to a 1.13 µm2 spot area. 

The gold nanostructure grating surface was covered with 4-MBA molecules 

at a density of 5×10-6 mol/m2. Therefore, the total number of excited 

molecules in SERS was calculated by multiplying the product of these by 

Avogadro's number and the surface roughness. Such a number is NSERS = 

3.404×106×R. The roughness factor R was calculated from the following 

formula: 

𝑅 =
𝑆𝑟𝑒𝑎𝑙
𝑆𝑔𝑒𝑜𝑚

(12) 

where Sreal is the actual illuminated area of the surface (Figure 2.4a), and Sgeom 

is the area of the focused laser beam on the surface (1.13 µm2). The 

illuminated structure area Sreal was determined from SEM images by 

calculating surface areas of bumps, cones, and jets. This calculation method 

is depicted in Figure 2.4b. 

 
Figure 2.4. a) Calculation of real irradiated surface area. Geometrical area Sgeom is the 

spot size into which the beam is focused. Sunder is the area under the structure (base 

area), while Sstructure is the surface area of the structure. b) Calculation of the structure 

surface area. The subscript c marks the height, radius, and slant height for the conical 

base, while the subscript s marks the height and radius for the spike. 
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2.2.5. Sensing measurements 

After metal surface structuring, an adhesive chamber (HybriWell-FL) was 

attached to the surface to investigate sensing capabilities. A spectrum was 

measured for reference resonances in air; compared with the spectrum without 

the adhesive chamber, it was almost identical, with only a few percent drop in 

signal intensity. Then, a syringe with a needle was used to infuse the liquid 

into the chamber to cover the entire structured array, and the spectrum was 

measured again. After each measurement, the liquid was blown out using 

high-pressure air, and the infusion-extrusion procedure, along with the 

measurements, was repeated 3 times for each investigated liquid. The full 

measurement scheme is depicted in Figure 2.5a.  

 
Figure 2.5. a) Sensing platform preparation and measurement scheme. b) Dispersion 

curves of ultrapure water (black line) and glycerol of 1.7% (red), 3.4% (blue), 5.1% 

(magenta), 6.8% (green), and 100% (purple) concentrations. Solid lines depict the 

experimentally obtained values, and dashed lines indicate the values calculated using 

the Sellmeier dispersion formula. 

Measurements were performed using five liquids: ultrapure water and four 

different concentrations of glycerol in water. Ultrapure water (resistivity 

18.2 MΩ×cm at 25°C) was obtained from a Synergy UV (Merck, USA) water 

purification system, while glycerol (86 wt%) was obtained from Carl Roth 

GmbH, Germany. An imaging null ellipsometer (Accurion Nanofilm EP3) 

equipped with a Kinetics/SPR cell and a BK7 prism was used to determine the 

RIs of the liquids at 658 nm. In the beginning, the TIR angle was determined 
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for ultrapure water injected into a cell, and the glass RI was obtained using the 

water RI (n658 = 1.3314 at 658 nm) from Kedenburg et al. [128]. Then, glycerol 

in ultrapure water solutions was injected into the cell, and TIR angles were 

measured, which determined the RI and concentration of 1.7% (n658 = 1.3339), 

3.4% (n658 = 1.3364), 5.1% (n658 = 1.3389), and 6.8% (n658 = 1.3414) glycerol 

solutions. For additional limit of detection (LoD) measurements, glycerol 

solutions of 0.84% (n658 = 1.3327), 0.4% (n658 = 1.332), and 0.2% (n658 = 

1.3316) were used. The RI dispersions of the liquids were calculated using a 

Sellmeier equation, with constants taken from the literature [128, 129]. The 

dispersion for the 400-2000 nm range is depicted in Figure 2.5b.  

The sensing platform was evaluated and characterized in terms of 

resonance quality (Q-factor and MQ-factor), sensitivity, and figure of merit 

(FOM). Sensitivity, describing the ability of the resonance to respond to 

changes in the surrounding refractive index, was defined as: 

𝑆 =
Δ𝜆𝑟𝑒𝑠
Δ𝑛

, (13) 

where Δλres is the change in resonant wavelength, and Δn is the change in the 

environment RI. Here, the exact RI values at each specific resonant 

wavelength were obtained from the corresponding dispersion curves. Since 

sensitivity is a platform parameter, the calculated value was averaged across 

all investigated liquids. Meanwhile, the FOM characterizes overall sensing 

efficiency by combining sensitivity with the spectral resolution of the 

resonance. It describes how well a shift can be resolved and is defined as: 

𝐹𝑂𝑀 =
𝑆

𝐹𝑊𝐻𝑀
(14) 

A higher FOM indicates a greater sensing performance, as it reflects both 

a strong spectral response to RI changes and a narrow resonance profile. This 

value differed across liquids, and averaging was performed only for 

consecutive measurements. 

Finally, to assess durability, the samples were stored in unsealed plastic 

Petri dishes in a dark, dry box at room temperature for 6 months. During this 

period, the relative humidity ranged from 20% to 50%, and the adhesive 

chamber was attached to the sample, which served as a protective layer. 
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3. RESULTS AND DISCUSSION 

This chapter presents and discusses the results reported in publications 

[P1]-[P6]. The findings are organized to reflect the progression of the 

research, starting with the fundamental parameters governing femtosecond-

laser-based nanostructure formation and progressing to application-oriented 

plasmonic devices. Therefore, this chapter is divided into two parts. The first 

part focuses on DLW-based fabrication of nanostructures under varying 

conditions and the resulting effects on plasmonic properties. These results are 

supported by [P1]-[P4]. The second part addresses the functional performance 

and practical applicability of the described plasmonic gratings. These results 

are supported by publications [P5]-[P6]. 
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3.1. Laser-based formation and investigation of 

plasmonic nanostructure gratings 
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Plasmonic Structures on Gold Films Using Direct Laser Writing (Advanced 

Optical Materials, Vol. 12 Issue 20, 2024) 
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3.1.1. Wavelength-influenced plasmonic nanostructure 

fabrication 

This subchapter is based on the paper [P1] published in Applied Surface 

Science, 617, 156629, 2023, by K. Vilkevičius, A. Selskis, and E. 

Stankevičius.  

Laser-based techniques have emerged in the field of nanostructurization 

owing to fast, scalable, single-step, and chemical-free methodologies for 

material modification. In particular, direct laser writing with femtosecond-

pulse irradiation enables precise and large-scale structuring of thin metallic 

films without the need for masks or multi-step processing. The process is 

governed by optical absorption, ultrafast energy deposition, heat diffusion, 

and thermally driven material redistribution. Therefore, physical system 

parameters, processing regimes, and their accurate control are essential for 

achieving precise, reproducible nanostructures suitable for application-

oriented research. 

Since metallic structures are fabricated using single fs pulses, the 

interaction strongly depends on the irradiation wavelength, which determines 

absorption efficiency, penetration depth, and the material's thermal response. 

This parameter is among the primary factors influencing the structures 

produced; therefore, understanding the wavelength-determined fabrication 

regimes and their impact on the resulting structures is the first step toward 

thorough control of plasmonic platforms and their optical response. To date, 

most research on nanostructurization using single fs pulses has been 

conducted at a single wavelength (800 nm [130-132], 515 nm [100], or 

532 nm [133]), without a direct comparison of the effects of these parameters, 

necessitating further investigation. 

In this study, thin gold films with a uniform thickness of 50 nm were 

irradiated with Pharos femtosecond laser pulses at wavelengths of 1030 nm, 
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515 nm, and 343 nm using a fixed-NA objective. The measured optical losses, 

consisting of absorption, scattering, and diffraction into non-zero orders, for 

the 1st harmonic (1H) were 3.56%, for the 2nd harmonic (2H) 33.06%, and 

for the 3rd harmonic (3H) 53.62% (Figure 3.1a). These were determined by 

measuring transmittance and zero-order reflectance, and then subtracting them 

from the total signal. Since the 1H response is dominated by reflectance, this 

graph might indicate that 3H is more absorbable, as the optical losses increase. 

An objective with NA = 0.5 was used, and the beams were focused to 2.2 µm, 

1.1 µm, and 0.8 µm diameter spots at 1030 nm, 515 nm, and 343 nm, 

respectively. Nanostructure arrays with periods up to 2.2 µm were initially 

produced to avoid beam overlap, but the structures remained uninfluenced 

even at 1.2 µm distances, so only periods below 1.3 µm were studied in-depth. 

 
Figure 3.1. a) Optical loss spectra of a 50 nm thick gold film. b) SEM micrographs 

of gold nanostructures in 1.2 µm period gratings fabricated with (i) 1030 nm, (ii) 

515 nm, and (iii) 343 nm. c) Dependence of the diameters of the long (solid line) and 

short (dashed line) axes on pulse energy. d) SEM images of nanostructures tilted at a 

57° angle obtained using (i) 1H, (ii) 2H, and (iii) 3H. 

By reducing the wavelengths to more absorbable ones, it was determined 

from experimental observations that the pulse energy and fluence required to 

initiate modification of the layer decreased – from 7.5 nJ (0.4 J/cm2) at IR to 

0.55 nJ (0.117 J/cm2) at visible, and to 0.3 nJ (0.109 J/cm2) at UV beam. At 

larger periods (1.2 µm), where beam overlap does not affect the structure, the 

effects of pure wavelength and pulse energy on structural dimensions were 

analyzed. An increase in energy results in larger structures, accompanied by 

changes in their morphology. Such a transition is observed at all investigated 
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wavelengths (Figure 3.1b). The shape transitioned from small hemispherical 

bumps to cones, jets, and ablated holes with crowns. At higher pulse energies, 

the structures exhibited ellipticity, attributed to the laser's linear polarization. 

Figure 3.1c depicts the growth in diameter of both long and short axes, as well 

as the difference between them, with increasing energy. Solid lines represent 

the long-axis data, and dashed lines represent the short-axis data. The 

polarization impact on the structure's ellipticity increases with energy and is 

most pronounced for the fundamental harmonic, with a diameter difference of 

over 200 nm. Additionally, using shorter-wavelength pulses yields steeper 

curves, indicating that a larger diameter range can be achieved within a 

narrower energy range, consistent with increased absorption of these pulses. 

Wavelength influences not only lateral dimensions but also vertical 

dimensions (Figure 3.1d). The bumps produced by all three harmonics are 

similar in shape but are lower in height (150-180 nm) at the IR wavelength 

than at the visible and UV wavelengths (300-400 nm). As observed in SEM 

analysis, conical structures are not formed at 1H irradiation because of 

minimal absorption, and the structure height remains below the diameter, 

while other harmonics produce cones reaching heights of 700-750 nm. The 

most prominent morphological difference is obtained at the jet regime. 2H and 

3H produce sharp, narrow spikes exceeding 1 µm in height, indicating strong 

material ejection and hydrodynamic flow. Under 1H irradiation, the resulting 

morphology is highly elliptical, with a non-protruding, round bump only 

150 nm in height. This behavior is attributed to insufficient momentum 

transfer from poorly absorbed radiation, limiting vertical material 

displacement. 

Furthermore, an additional period-related investigation was performed. 

The minimum periods achievable for each harmonic were determined at the 

modification-threshold energies corresponding to small-bump fabrication 

regimes. Arrays with a period of 0.8 µm are achievable using 1H, whereas for 

2H the period can be reduced to 0.5 µm, and for 3H to 0.45 µm or 0.4 µm. 

The smallest achievable distance is limited by the size of the laser-modified 

region and the resulting protrusion-like structure. While IR radiation is 

focused into a relatively large spot, the interplay between the Gaussian beam 

intensity threshold and minimal absorption enables structure formation in the 

high-intensity central region, resulting in features smaller than the beam 

diameter. Nevertheless, the focal spot size remains the dominant factor 

governing the structural dimensions, rather than the interplay between 

absorption and Gaussian intensity, leading to UV radiation forming the 

smallest-period arrays. The nanostructure short-axis diameter dependence on 

pulse fluence and grating period is depicted in Figure 3.2a, where distinct 
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fluence ranges are observed. Layer modification with the fundamental 

harmonic is relatively high at 0.4 J/cm2, with a narrow modification range of 

0.15 J/cm2. By increasing laser harmonics, the modification threshold is 

greatly reduced to 0.1 J/cm2, and the modification range is expanded to 

0.2 J/cm2 at 515 nm and 0.4 J/cm2 at 343 nm. An increased fluence range 

enables more precise control of the parameters and structural dimensions 

under UV radiation. The inter-structure distance also affects the diameter and 

formation energy, as observed in Figure 3.2a, where the left corners of the 

graphs indicate this effect. A shorter period requires a lower fluence to induce 

thin film ablation due to pulse overlap. Analysis of the lattice temperature 

history using the two-temperature model showed that the interval between 

pulses allows the lattice to cool down. This confirms that shape changes 

influenced by the period are not caused by heat accumulation but rather result 

from visible and invisible modifications throughout the irradiated area, as well 

as induced mechanical stresses and delamination. This phenomenon leads to 

an additional increase in structure size with a reduction in period, as the 

fabricated structures, with diameters equal to or slightly larger than the period, 

begin to touch and overlap, thereby limiting the minimum periodicity at that 

fluence. At a wavelength of 340 nm and a constant fluence of 0.33 J/cm2, the 

diameter at the 1.3 μm period is approximately 850 nm, increasing to 950 nm 

at the 0.9 μm period, when the structures overlap. 

SEM images of the structures were used to determine the precise energy 

ranges for each morphological state and their corresponding transitional 

fluences. Figure 3.2b shows the formation zones for each wavelength, with 

colored lines indicating the transitional fluences. These thresholds were 

determined solely from SEM images, while the additional squared 

dependence of lateral size on the natural logarithm of the pulse energy (Figure 

3.2c) was used to calculate the theoretical thin-film modification threshold via 

a linear approximation of the data for each period. This parameter is in good 

agreement with the practically determined values. In the graphs, a clear 

reduction in transitional fluences is observed at periods below 1 µm due to 

beam overlap. By transitioning from 1H to 2H and 3H, bumps are produced 

at fluence ranges with widths of 0.067 J/cm2, 0.083 J/cm2, and 0.127 J/cm2. 

Cones are produced only with 2H and 3H in fluence range widths of 

0.021 J/cm2 and 0.055 J/cm2, respectively. The same tendency is maintained 

for jet formation. It is clear that reducing the wavelength increases the ranges 

over which specific morphological states are fabricated, as well as the overall 

nanostructurization range. Bumps and jets are obtained over a wider fluence 

range than cones, because the bumps continuously grow in height, quickly 

surpassing the nanocone phase.  
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Figure 3.2. a) Short-axis diameter dependence on the grating period and laser beam 

fluence colormap. b) Morphological phase transitional fluence thresholds (lines) and 

each morphology formation range (colored areas) for different laser wavelengths. c) 

Squared lateral size dependence on the natural logarithm of laser pulse energy for 

different laser wavelengths. For all graphs, the first column shows results for 

1030 nm, the second for 515 nm, and the third for 343 nm. 

Ultimately, the plasmonic properties of a 1 µm-period bump array were 

evaluated using a spectrophotometer to assess their dependence on laser 

wavelength. SEM images of the produced gratings are presented in Figure 

3.3a-c, while the reflectance responses for s- and p-polarizations are given in 

Figure 3.3d-e. The investigated hemispheres were of similar dimensions, with 

diameters of 400-500 nm and heights of 125-200 nm. The comparison shows 

that although the laser harmonic strongly affects the structure's shape and 

limitations, the plasmon resonances remain within a narrow range and are not 

strongly affected by this parameter. The differences observed in the p-
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polarization resonant wavelengths arise from height variations among the 

bumps. The evaluated quality factors are relatively high, with QF 

approximately 40 for s-polarization and approximately 30 for p-polarization. 

When accounting for resonance depth, the MQF is largest for s-polarization 

(MQF = 8.82) in gratings produced using 3H, whereas for p-polarization, the 

results are comparable for both 2H and 3H (9.95 and 8.96, respectively). Since 

the structures produced with 1030 nm are more elliptical, non-spherical, and 

less uniform, such gratings provide lower-quality resonances than arrays 

obtained with other harmonics. As plasmonic performance improves with 

reduced lateral lattice spacing due to stronger coupling between the 

nanostructures, achieving smaller periods at 2H and 3H makes these 

wavelengths more desirable for practical applications. 

 
Figure 3.3. SEM images of 1 µm-period bump gratings produced using a) 1030 nm, 

b) 515 nm, and c) 343 nm. Reflectance spectra of d) s-polarization and e) p-

polarization response of the gratings. 

In summary, decreasing the femtosecond laser wavelength significantly 

enhances the precision and versatility of gold nanostructure fabrication by 

lowering modification thresholds and expanding the viable fluence range for 

diverse morphological states. Using higher-frequency laser pulses enables the 

fabrication of arrays with smaller periods, providing a more effective platform 

for plasmonic excitations. 
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3.1.2. Combined effect of fluence and grating period for 

morphological tuning 

This subchapter is based on part of the results published in [P2]: Advanced 

Optical Materials, 12 (20), 2400172, 2024, by K. Vilkevičius, G. D. Tsibidis, 

A. Selskis, E. Stratakis, and E. Stankevičius. 

Building upon the foundational understanding of wavelength-dependent 

formation regimes explored in the previous section, the precise engineering of 

plasmonic nanostructures necessitates a deeper exploration of the sample's 

influence on these regimes and the interplay between laser fluence and grating 

period. In DLW, morphological evolution from hemispherical bumps to high-

aspect-ratio jets is primarily driven by the single-pulse energy, while periodic 

arrays introduce a secondary, yet governing, factor: the grating period and 

spatial pulse overlap. 

The morphology of laser-induced nanostructures plays a pivotal role in 

determining their optical, chemical, and plasmonic properties. Thus, the 

ability to accurately control structural dimensions is essential for tailoring 

functional properties. In addition to laser parameters, sample characteristics, 

such as film thickness or the metal itself, can be adjusted to influence layer 

modification dynamics and obtain differently shaped structures. Although 

several formation mechanisms for single-pulse-produced structures have been 

explained by thermoelastic stress and thin-film delamination [99], a 

comprehensive understanding of how pulse energy, film thickness, and 

grating period jointly determine morphological tunability remains incomplete. 

While most research focuses on isolated pulse interactions without 

considering collective spatial effects, multi-pulse-affected areas remain 

underexplored and hold high potential for increased control. This knowledge 

is essential for achieving precise spectral control in photonic devices, as 

insufficient control over the morphology of periodically arranged 
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nanostructures limits optical performance and the ability to hybridize 

plasmonic modes, thereby enhancing plasmonic activity. 

 
Figure 3.4. a) SEM images of different morphology nanostructures on 50 nm (upper 

row) and 75 nm (lower row) gold film. b) Jet shape change with gold film thickness. 

Cross-section of c) bump, d) cone, and e) jet fabricated on a 75 nm film. The Au layer 

is bright grey, while dark grey is Pt used for contrast enhancement. Blue 

measurements mark internal height, red – spike width, green – Au thickness in the 

structure's periphery, yellow – Au thickness near the structure's center. f) Broken jets 

on 100 nm gold film with marked jet breakage zone. 

In this study, thin gold films with thicknesses of 25, 50, 75, and 100 nm 

were irradiated with single pulses of 2H (515 nm) to produce gratings with 

varying periods. The beam is focused into approximately a 1-1.1 µm spot, so 

a period-independent morphological investigation was performed at 1 µm 

arrays. As the laser pulse energy increases, various morphological structures 

are produced and classified into four categories: bumps, cones, jets, and 

crowns. Using just enough energy to modify the thin film, small bumpy 

protrusions are produced at the energies of 0.2 nJ, 0.4 nJ, 0.6 nJ, and 0.75 nJ 

for 25, 50, 75, and 100 nm Au films, respectively. The cones are obtained at 

0.3 nJ, 0.75 nJ, 1 nJ, and 1.25 nJ for the same thicknesses, while the jets are 

obtained from the energies of 0.4 nJ (25 nm), 0.95 nJ (50 nm), 1.25 nJ 

(75 nm), and 1.4 nJ (100 nm). All morphological stages are depicted in the 

SEM images in Figure 3.4a for thicknesses of 50 nm and 75 nm. The lower-

energy bumps are rather similar across all investigated thicknesses, since their 

formation is not based on melting but rather on delamination of the film. 

Meanwhile, the jets (Figure 3.4b) produced by molten-metal flow depend 

strongly on the layer. Thinner-film structures have sharp, narrow, and high 

spikes formed either on the surface of the glass (25 nm) with a diameter-to-
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height ratio of 1:17, or on a disk-like platform (50 nm) with a diameter-to-

height ratio of 1:13. During the material redistribution, the molten metal flows 

towards the spike, causing the surrounding layer to collapse. Meanwhile, in 

thicker layers (75 nm and 100 nm), broader, non-uniform spikes form atop the 

conical base, with diameter-to-height ratios of 1:9 for 75 nm and 1:7 for 

100 nm. Here, a larger portion of the metal remains at the sides of the 

structure, maintaining the conical shape. 

Detailed cross-sectional analysis of 75 nm-thick film hollow 

nanostructures (Figure 3.4c-e) revealed that in the bump regime, a consistent 

wall thickness is maintained, indicating that the driving force is primarily 

metal detachment from the substrate, while melt movement remains minimal. 

The transition to cones is accompanied by an increase in internal height of the 

structure (in this case, from 322 nm to 562 nm) and a reduction in peripheral 

wall thickness (from 37 nm to 27 nm), as molten material moves from the 

irradiated area periphery toward the center to form a small solid tip. This flow 

is driven by the temperature gradient and the induced velocity it generates. 

During jet formation, the increase in inner height is greatly reduced, and 

material redistributes within the structure. The gold layer around the tip is 

significantly thinned (from 39 nm to 21 nm), indicating that spike growth is 

primarily fueled by the impact of the material at the center. This thinning 

around the apex provides a physical explanation for the structural failure and 

spike breakage observed at higher energy levels (Figure 3.4f). 

Theoretical thermal response analysis performed using the two-

temperature model (TTM) during laser irradiation (Figure 3.5) indicated that 

both film thickness and pulse energy are critical parameters governing the 

transition between the morphologies. A decrease in thickness increases the 

lattice temperature due to electron diffusion, confining hot electrons to a 

smaller volume. At a constant pulse energy (0.8 nJ), a 25 nm film exceeds the 

critical ablation threshold, whereas thicker films remain within the melting 

regime when mass displacement occurs. Similarly, the lattice temperature 

increases with laser energy. This shows that the transition from bumps to 

ablated holes is governed by the peak lattice temperature relative to the 

material's melting and critical ablation values. 
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Figure 3.5. a) SEM images and corresponding lattice temperature profiles at 50 ps 

after the laser pulse for the structures in a 50 nm Au film using different pulse 

energies. b) SEM images and corresponding lattice temperature profiles at 50 ps after 

the laser pulse for the structures in different-thickness films using 0.8 nJ pulse energy. 

Gaussian intensity distribution enables the formation of smaller diameters 

and array periods than the laser focal spot size, as the modification threshold 

can be exceeded only in the central part. While the morphological transition 

from hemispherical bumps at low energies to sharp jets at higher energies is 

primarily determined by pulse energy, the grating period serves as a critical 

secondary tuning parameter. When the period is reduced below the beam 

diameter at a constant energy (Figure 3.6a), the resulting structures transition 

towards morphologies typically acquired at higher energies. However, the 

period influence is lower than the pulse energy, leading to structural changes 

by only one morphological state – bumps to cones or cones to jets. The same 

shape control with interstructural distance tendency is observed across all 

investigated film thicknesses (Figure 3.6b). Conversely, when the period 

exceeds the beam diameter, the morphology and size of the structures remain 

constant and independent of the distance. 

This phenomenon is governed by the laser beam overlapping effect, where, 

in sub-diameter gratings, fabrication thresholds are lowered due to subsequent 

pulse interactions with a previously modified zone. The physical mechanism 

behind this is attributed to induced mechanical stresses and non-visible 

delaminations, together with intrinsic modifications in the peripheral part of 
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the irradiated area, since the structure is produced only in the central part. The 

time interval between the successive pulses (143 µs at 7 kHz repetition rate) 

is relatively long, so this effect cannot be attributed to heat accumulation. In 

addition, only at higher fluences within the overlapping regime, structures 

exhibit non-centrality, with the apex shifted toward the previously modified 

zone relative to the base center (Figure 3.6c).  

 
Figure 3.6. a) Morphology dependence on period and pulse fluence for a 50 nm 

thickness Au film. b) Morphology dependence on period and Au thickness for 0.8 nJ 

(0.171 J/cm2) pulses. c) Shift of the structure's tip in the opposite direction to scanning. 

To accurately determine the nanostructure formation parameters, the 

squared diameter of the visually modified areas is again plotted against the 

natural logarithm of the pulse energy (Figure 3.7a), revealing a nearly linear 

dependence across all thicknesses and grating periods. This methodology 

allowed us to calculate the practical layer-modification threshold (from the 

linear approximation of the line intersection with the energy axis) and the 

characteristic energy-deposition diameter (from the linear approximation of 

the line slope), which represent the effective area for energy absorption. The 

latter parameter, interestingly, showed that the effective beam diameter is 
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consistently smaller (0.79 µm at non-overlapping 1.1 µm periods and 0.9 µm 

at highly overlapping 0.7 µm periods) than the calculated focused Gaussian 

beam spot size of 1.1 µm. This suggests that the energy required for structure 

formation is effectively absorbed only in the central beam region and is 

increased by the pulse overlap. 

 
Figure 3.7. a) Squared lateral size dependence on the natural logarithm of laser pulse 

energy for different film thicknesses. Linearly approximated data is for a 1 µm period. 

Morphological phase-transition fluence thresholds (lines) and each morphology 

formation range (colored areas) for different film thicknesses of b) 25 nm, c) 50 nm, 

d) 75 nm, and e) 100 nm. 

The modification threshold is highly sensitive to film thickness, with 

values determined from the approximation in Figure 3.7a being 0.2 nJ, 0.4 nJ, 

0.58 nJ, and 0.74 nJ for thicknesses of 25, 50, 75, and 100 nm, respectively. 

The threshold increases with thickness, whereas the sensitivity to energy 

fluctuations is greater in thinner coatings. The calculated modificational and 

transitional fluences determined from SEM images, as well as the formation 

ranges for each shape, are summarized in Figure 3.7b-e, with a clear influence 

of period and film thickness. These thresholds are significantly modulated by 

the multi-pulse-affected areas at reduced distances, as the fluences for both 

ablation and shape changes decrease. While the fluence range for stable bump 

formation in relatively broad, higher-order structures are not produced at 

extremely small periods below 0.6 µm due to excessive overlapping that 

inhibits their formation. Therefore, selecting the exact laser, sample, and 

grating parameters is necessary to achieve the desired morphology. 
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In summary, the morphological evolution of laser-induced gold 

nanostructures is governed by a combined interplay among pulse energy, layer 

thickness, and grating periodicity. Pulse energy serves as the primary driving 

force for a shape transition, while thickness affects the final shape through the 

redistribution of material. The implementation of sub-diameter periods 

introduces an overlapping effect, providing an additional degree of freedom 

for structural control. By precisely leveraging these parameters, highly 

uniform arrays with easily tailored and well-defined geometries can be 

fabricated.  
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3.1.3. Morphologic and periodic alteration for spectrally 

distinguished plasmonic responses 

This subchapter is based on the paper [P3] published in Optics & Laser 

Technology, 183, 112330, 2025, by K. Vilkevičius, K. Čepaitis, A. Selskis, 

and E. Stankevičius; and on part of the results published in [P2]: Advanced 

Optical Materials, 12 (20), 2400172, 2024, by K. Vilkevičius, G. D. Tsibidis, 

A. Selskis, E. Stratakis, and E. Stankevičius 

The structural control of nanostructures in periodic gold film gratings 

establishes the foundation for tailoring their optical responses. However, the 

ultimate goal of morphological engineering is not the structural variation 

itself, but rather the intentional modulation of plasmonic resonances. In our 

periodically arranged metallic arrays, plasmonic behavior arises from the 

hybridization of LSPs, SPPs, and diffracted radiation at grazing angles, 

resulting in so-called HLPR (which will be referred to as grating-coupled 

resonance), with sharp absorption peaks in the visible and near-IR (Vis-NIR) 

range. 

Since grating-induced plasmonic modes are highly sensitive to geometry 

and excitation conditions, accurate control of these provides a way towards 

spectrally distinguishable optical responses. Variations in structural 

dimensions, aspect ratio, and shape alter near-field confinement and localized 

excitation, while changes in lattice symmetry and periodicity modify the 

conditions for diffractive coupling. Therefore, both morphological tuning and 

dimensional arrangement fundamentally influence resonance position, 

linewidth, and quality factors. Although the role of geometry in plasmonics is 

well described, a thorough comparison of shape-driven spectral shifts together 

with dimensionality-induced coupling effects is lacking in laser-fabricated 

plasmonic platforms.  
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Figure 3.8. Measured reflectance spectra of different shape structure arrays of 1 µm 

period on a 100 nm thick Au for a) s-polarization and b) p-polarization. Numerically 

calculated reflectance spectra for c) bump and d) cone arrays of 1 µm period. The 

insets show the near-field profile of the investigated peaks. 

In this study, large-scale (3×3 mm2) arrays were fabricated and prepared 

for optical measurements using a spectrophotometer. For shape-influenced 

properties, 1 µm period arrays produced at 515 nm were used; for the period-

induced spectral separation study, those produced at 343 nm were used. Due 

to the nonideal formation of arrays along perpendicular axes, the highest-

quality results were obtained when the electric field was perpendicular to the 

scanning line: at φ = 0° for s-polarization and at φ = 90° for p-polarization. 

Resonant peaks are detected in the reflectance spectrum as intensity dips. The 

spectral behavior is strongly influenced by morphology, as shown in Figure 

3.8a-b for four types of nanostructures – small bumps (height up to 100 nm), 

bumps, cones, and jets. The main 3 peaks were investigated: m = ±1 diffraction 

order in s-polarization (at 992-996 nm), m = +1 diffraction order in p-

polarization (872-880 nm), and m = −1 diffraction order in p-polarization 

(1152-1288 nm). Specifically, the latter resonance exhibits a pronounced 

redshift as the structure height increases, whereas the m = +1 and m = ±1 
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resonances remain comparatively stable. Additionally, the change in 

morphology leads to peak broadening, possibly attributed to the structural 

nonuniformity. Meanwhile, the jet resonances become shallower and 

significantly wider, with a strong decrease in total reflection, rendering the 

induced resonances unobservable. Due to uncontrollable formation of jet 

spikes, each structure is slightly different and has a different inclination, 

leading to this extreme broadening of the resonance. Also, in this regime, part 

of the jet structures are broken, thus reducing the total intensity. 

The spectral redshift with increasing structure height suggests that this 

feature is due to an out-of-plane electric component that arises when the 

vertical component of the incident beam excites a height-dependent plasmonic 

mode. Theoretical modeling (Figure 3.8c-d) and near-field profiles confirm 

that, while in-plane modes are localized at the sides of the structures and 

depend mainly on the grating parameters, the redshifting mode is out-of-plane 

in origin, with an enhancement at the apex and a strong dependence on the 

vertical dimension. These modes suffer from high Ohmic losses at large 

heights, which explains the jets' spectral broadening. 

 
Figure 3.9. Measured resonant peak a,b) Q-factor and c,d) MQ-factor dependence on 

the morphology for a,c) s-polarization and b,d) p-polarization. 

The qualities of the resonances are assessed using both the Q-factor and 

the MQ-factor, according to equations (8) and (9), to compare the influence 
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of the shape and gold film thickness on the resulting peaks. As mentioned 

previously, the MQ-factor includes the peak depth, indicating the coupling 

efficiency, but is only suitable for internal comparison of shape-influenced 

resonances described in this work. The values for the investigated peaks are 

shown in Figure 3.9. While small bumps yield the highest Q-factor (up to 100) 

due to their narrow linewidths, normal bump arrays are identified as the most 

practically applicable for resonance-related measurements. This is evidenced 

by their higher MQ-factors, indicating a superior balance between peak depth 

and width. This comparison further indicates that the gold film thickness 

slightly affects these factors: arrays in 25 nm thick films consistently yield the 

lowest-quality results due to the thinner structures, whereas in thicker 50-

100 nm films, the QF and MQF are comparable. 

An additional study revealed that reducing the grating period could also 

improve the peak qualities, as denser interacting elements lead to stronger 

interactions. This prompted further research into the period influence on the 

resonances. Three gratings with different periods were produced: a symmetric 

2D array of bumps with a 0.8 µm period, an asymmetric 2D array of bumps 

with 0.5 µm in-line and 0.8 µm perpendicular periods, and a 1D array of 

ablated lines with a 1 µm period. While attempts were made to produce 

ablated arrays of lower periods, these resulted in a heavily damaged gold layer 

with no useful structures. Corresponding SEM images of the produced and 

investigated samples are given in Figure 3.10a-c. Here, reflectance 

measurements were performed at two perpendicular azimuthal angles, φ, and 

at three AOIs, θ. All resonant peaks follow the expected dependence on AOI 

and light polarization – increasing angle leads to a blueshift of s-polarization 

peaks (m = ±1) and a positive-order (m = +1) peak of p-polarization, while 

negative (m = −1) order peaks are redshifting. However, the quality and 

spectral purity of these resonances are strongly influenced by whether the 

arrays were produced via ablation or surface modification. Ablated 1D arrays 

yield shallow resonances (Figure 3.10d-e) of lower spectral quality due to 

structural disorder, characterized by rough-sided lines and splashed metallic 

debris that increase scattering losses, and reduced reflectance due to the 

removed gold layer. Conversely, modification-origin arrays yield profoundly 

deeper, spectrally distinguishable peaks. 

A significant finding in the spectral behavior is the presence or absence of 

additional resonances arising from diagonal axes or azimuthal misalignment. 

An ablated array, while with low-intensity peaks, acts as a true 1D grating, 

with resonances excited only in the main azimuthal angle layout when grating 

lines are perpendicular to the incident electric field oscillations. In a uniform 

2D array (Figure 3.10h-i), identical resonances are excited in both azimuthal 
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layouts, leading to increased spectral sensitivity to angular alignment and 

potential complexity from additional peak excitation and overlap, thereby 

degrading their quality. This spectral complexity is reduced in arrays 

fabricated by modifications that act as 1D gratings. A unique quasi-1D grating 

is obtained when a physical 2D geometry uses a short in-line period, thereby 

prohibiting diffraction-based coupling in one axis. This allows an array to 

exhibit the spectral simplicity of a 1D grating (Figure 3.10f-g) while 

maintaining spectral resolution – high-quality peaks only at the main 

azimuthal orientation (s-polarization response only at φ = 0°, p-polarization 

response only at φ = 90°). This control over the grating parameters enables 

elimination of undesirable diagonal resonances and provides single-peak 

plasmonic responses, thereby improving the platform's accuracy. It is worth 

noting that this design exhibits robustness to structural disorder, as minor 

lateral offsets do not degrade the quality or spectral position of the resonances, 

and it minimizes signal deterioration caused by structural defects, as the 

response is obtained from the large-scale grating. 

 
Figure 3.10. SEM images of a) 1D ablated, b) quasi-1D, and c) 2D arrays. S-polarized 

(d,f,h) and p-polarized (e,g,i) reflectance response of d,e) 1D ablated, g,f) quasi-1D, 

and h,i) 2D arrays. Different colors mark different AOIs. 
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Finally, the qualitative evaluation and comparison of the 2D and quasi-1D 

arrays were performed using the Q-factor and MQ-factor (Figure 3.11). For 

the symmetric 2D grating, resonances were evaluated at both azimuthal 

positions – the “main” angle (electric field perpendicular to scanning lines, 

denoted as solid lines in Figure 3.10h-i) and the “shifted” angle (field parallel 

to scanning lines, Figure 3.10h-i dashed lines). Comparison reveals that the 

quasi-1D array outperforms the uniform 2D array in resonance width (as 

indicated by the Q-factor) and s-polarization resonance depth (as evidenced 

by the MQ-factor). Angular shift causes a linear increase in the quality of the 

redshifting resonance and a stable or slight decrease in the quality of 

blueshifting peaks. This allows a quasi-1D array to achieve a QF of 93 and an 

MQ of 25, and illustrates the benefit of eliminating additional resonances, 

resulting in more intense, narrower peaks. 

 
Figure 3.11. a) Q-factor and b) MQ-factor dependence on the light incidence angle. 

Different colors mark different gratings, while solid and dashed lines distinguish 

resonant peaks. 

Summing up, the plasmonic performance of laser-produced Au 

nanostructure gratings is linked to both the individual nanostructure 

morphology and collective lattice geometry. Growth of the structure enables 

spectral redshifting of specific resonances by exciting the out-of-plane mode, 

while the hemispherical bumps exhibit the highest-quality resonant peaks. 

Additionally, implementing a quasi-1D configuration enables the acquisition 

of 2D-grating-quality resonances while maintaining 1D-like spectral 

simplicity, thus eliminating parasitic diagonal resonances. By effectively 

combining surface modification regimes with arrangement parameters, the 

platforms provide easily tunable, high-quality plasmonic resonances for 

practical applications.  
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3.1.4. Angular control and theoretical modeling of grating-

coupled resonances in symmetric arrays 

This subchapter is based on the paper [P4] published in ACS Applied 

Materials & Interfaces, 18(23), 33007-33023, 2026, by K. Vilkevičius, L. A. 

Letelier, L. Grinevičiūtė, and E. Stankevičius.  

While morphology and periodicity define the intrinsic plasmonic 

properties of the arrays, their optical response can further be governed by 

excitation geometry. In two-dimensional gratings, multiple coupling pathways 

coexist, including excitations along the principal lattice axes and diagonal 

directions. These several channels often result in spectrally overlapping or 

shifting resonances, complicating the interpretation of experimental results. 

Determining the physical origin of the observed peaks and modes, thus, 

requires more in-depth experimental and theoretical analysis. 

Growing interest in grating-coupled plasmonic modes has spurred 

extensive research into the fabrication of such gratings, yet the full picture of 

the modes' origin, angular evolution, and controllability remains unclear. A 

primary challenge in current research is the reliance on simplified 1D array 

models for analytical convenience, which fail to capture the multi-directional 

plasmonic coupling and higher-order diffraction effects observed in 2D 

systems. While the production is well described, the interplay between the 

main-axis and diagonal diffraction orders remains underexplored. Therefore, 

a combined theoretical-experimental analysis is needed to identify the 

contributions of multiple lattices, resolve the dispersion behavior, and 

establish a framework for resonance engineering. 
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Figure 3.12. a) Main diffraction planes: plane of incidence (PI), perpendicular 

plane (PP), and diagonal planes (DP). b) Reflectance spectra of gold nanobumps with 

a 1 µm period for s- and p-polarization at φ = 0° (black line), 45° (red), and 90° (blue) 

angles. Reflectance spectra of c) main-lattice (1 µm) resonances at φ = 0° / 90° and d) 

diagonal-lattice (√2 µm) resonances at φ = 45°, with attributed origins of the peaks 

determined from the theoretical diffraction grating model.  

For this investigation, 3×3 mm2 symmetric 2D arrays of gold bumps on a 

100 nm-thick film were fabricated using 343 nm pulses with 0.8 nJ of energy, 

with a grating period of 1 µm in both axes. The optical response of these 

symmetric 2D arrays is governed by conical diffraction, which involves four 

primary diffraction planes (Figure 3.12a): the plane of incidence (PI), the 

perpendicular plane (PP), and two diagonal planes (DP). At a near-normal 

incidence angle (θ = 8°), the observed resonances (Figure 3.12b) can be 

classified into primary (Epr) resonances, which appear at longer wavelengths 

(850-1200 nm), and secondary (Ese) resonances, appearing at shorter 

wavelengths (600-850 nm). Experimental analysis of the reflectance spectra 

demonstrates that these peaks are highly sensitive to the sample's azimuthal 

(φ) orientation. At high-symmetry angles (φ = 0° or 90°), 1D-type diffraction 
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resonances dominate in the PI and PP, while at DP, the 2D-origin peaks are 

simultaneously excited. Meanwhile, as the sample is rotated to φ = 45°, the 

main excitation transitions from the principal lattice of 1 µm to a diagonal 

lattice with an effective period of √2 µm. This rotation leads to 1D-type 

resonances (one resonance at s-polarization splits into two), while secondary 

peaks of 2D-origin merge into one (for s-polarization) resonance of 1D-type 

as the PI is aligned with the symmetrical diagonal lattice. The validity and 

physical attribution of the observations are confirmed by the agreement 

between the experimental data and the theoretical 2D diffraction formula, 

given by equation (6), for 1 µm and √2 µm periods. Spectral dips were 

assigned to diffraction orders of (0;±1) and (±1;0) for 1D-type origin of s- and 

p-polarization response, as well as (±1;±1) for 2D-type origin. The exact 

attribution of each peak is summed up in Figure 3.12c-d. A change in azimuth 

angle leads to a change in coupling into a different lattice with its period. 

 
Figure 3.13. Reflectance spectra of a gold nanobump grating at azimuthal angles 

from φ = 0° to 90° with a step of 15° for a) s- and b) p-polarization. Resonant 

wavelength change of c) primary and d) secondary resonances in the polar coordinate 

system. e) Simulated near-field enhancement of s- and p-polarization response at φ = 

0° and 45° azimuthal angles.  

A more in-depth analysis of the influence of azimuthal rotation was 

performed by measuring reflectance over the range φ = 0° to 90° in 15° steps 

(Figure 3.13a-b). The investigation reveals a dynamic spectral response 

characterized by the splitting and merging of the resonant peaks. As the 
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sample is rotated, the incident wavevector is projected differently onto 

different lattices, resulting in a smooth peak shift across the spectrum and a 

change in the type of excitation. At non-aligned intermediate angles, 

resonances appear as shallow dips with reduced coupling strength, as the 

wavevector is projected across both main and diagonal lattices and the 

diffraction condition is not strictly confined to a single in-plane mode. Such 

cross-coupling reduces efficiency, marking the need for accurate alignment 

with the symmetric lattices. The angular evolution of these primary and 

secondary resonances is visualized in polar plots (Figure 3.13c-d), revealing a 

four-lobed pattern aligned with either principal grating axis or along the 

diagonals, noting a consistent pattern across all azimuthal rotations. The 

modes exhibit minimal splitting and merge when excitation is 1D-type 

diffraction in PP. An intermediate distance between the opposite-sign (+m and 

−m) peaks is observed with 2D-type diffraction at DP, and the largest splitting 

is attained at 1D-type excitation in PI. 

To validate the origin of the resonances, near-field simulations were 

performed using the Lumerical FDTD solver. Analysis showed that all 

resonances excited with s-polarization are in-plane modes, while negative-

order 1D-type resonances are of out-of-plane nature. The spatial distribution 

of these modes is highly sensitive to the azimuthal angle; at high-symmetry 

angles (φ = 0° and 45°), the fields are distributed with lobes aligned along the 

main or diagonal lattice directions (Figure 3.13e). Also, p-polarization 

exhibits a pronounced asymmetry when more intense near-field hot spots 

appear on one side of the structure, corresponding to the positive or negative 

diffraction component. 

Finally, the double-angular manipulation was investigated by 

simultaneously controlling the azimuthal and incidence angles, thereby 

providing additional tuning of the plasmonic excitations. An increase in 

incidence angle leads to greater spectral separation between resonances of 

opposite diffraction orders (Figure 3.14a-b), with a redshift of negative-order 

and blueshift of positive-order resonances in p-polarization responses. 

Meanwhile, in s-polarization, the tendency is also partially dependent on 

azimuthal angle, with a blueshift of both positive and negative resonances at 

angles close to 1D-type excitation (φ = 0°, 15°, 75°, and 90° for primary Epr 

and φ = 30°, 45°, and 60° for secondary Ese resonances). This angular control 

affects the sensitivity of the peaks to changes in φ, as larger incidence angles 

yield steeper dispersion curves. Qualitative analysis of the MQ-factor (Figure 

3.14c-d) revealed that the resonant efficiency is also highly influenced by the 

azimuthal shift. The highest-quality resonances are consistently reached when 

the excitation plane is aligned with the high-symmetry lattice directions (φ = 
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0°, 45°, and 90°). For example, under s-polarization, the highest MQF values 

occur at φ = 0°, followed by a sharp decrease at intermediate angles, indicating 

that these resonances are tightly confined to excitation along the grating's main 

symmetry direction. A moderate secondary maximum at φ = 45° corresponds 

to coupling into the diagonal lattice, albeit with lower efficiency. Increasing 

the incidence angle enhances the angular selectivity of the peaks, maintaining 

similar quality along the main grating and reducing the quality of the 

diagonally coupled resonances. 

 
Figure 3.14. Experimental primary Epr resonant wavelength dependence on 

azimuthal angle, with incident angle influence for a) s- and b) p-polarization. 

Modified quality factor dependence on azimuthal angle for c) s- and d) p-polarization 

at θ = 8° angle of incidence. 

In summary, DLW-produced symmetric 2D gratings demonstrate 

complex, high-quality grating-coupled responses with spectral tunability 

across the entire Vis-NIR range, achieved through the dual-angular control of 

the azimuthal and incidence angles. Azimuthal shift changes the excitation 

planes from the principal to the diagonal lattice, causing splitting and merging 

of resonant peaks. Therefore, the accurate alignment of the grating lattices 

with the plane of excitation is essential for high-quality resonances, which is 

achieved through efficient coupling into high-symmetry lattices.  
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3.1.5. Main results and conclusions 

This section described the implementation of direct laser writing as a high-

throughput and single-step methodology for the fabrication of periodic gold 

nanostructures. By varying the laser and sample parameters (laser wavelength, 

pulse energy, film thickness, grating period, and pulse overlap), large-scale 

arrays supporting hybrid grating-coupled plasmonic resonances were 

produced, and the possibilities for controlling their shape and the tunability of 

plasmonic properties were investigated in depth. Also, detailed analysis and 

simulations of explored resonances were performed to describe plasmonic 

excitation in symmetric gratings and the origins of resonant modes. Such a 

detailed analysis provides a solid basis for further research into the practical 

applications of these metallic gratings. 

Three statements to defend were formulated according to the accomplished 

results described in this chapter: 

• Using a constant-NA objective, decreasing fs laser wavelength from 1030 

nm to 343 nm expands the energy-dependent nanostructure formation 

fluence window by 3 times and reduces the achievable grating period down 

to 450 nm, while control of film thickness and an increase in spatial pulse 

overlap provide additional morphological tuning with a lower modification 

threshold. 

• Plasmonic resonances in 2D arrays exhibit morphology-dependent spectral 

behavior, as increasing nanostructure height leads to a redshift of the out-

of-plane resonance, while manufactured quasi-1D gratings enable spectral-

mode isolation by suppressing diagonal resonances. 

• Grating-coupled resonances in symmetric 2D arrays possess the highest 

quality when excited along the high-symmetry axes (0°, 45°, and 90°), 

while their spectral positions across the whole Vis-NIR (400-1600 nm) 

range can be tuned through double-angular control by changing azimuthal 

(0°-90°) and incidence (8°-30°) angles. 
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3.2. Functional performance of laser-fabricated 

plasmonic nanostructure gratings 

 
 

BACK COVER: 

Kernius Vilkevičius, Tomas Rakickas, Evaldas Stankevičius, High-Quality 

Plasmonic Ag-Au Nanobump Grating Sensor (Advanced Materials 

Technologies, Vol. 10 Issue 20, 2025) 
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3.2.1. Morphologically tunable platform for SERS signal 

enhancement 

This subchapter is based on the paper [P5] published in Applied Surface 

Science, 660, 160003, 2024, by K. Vilkevičius, I. Ignatjev, A. Selskis, G. 

Niaura, and E. Stankevičius.  

Following the establishment of strategies for controllable nanostructure 

fabrication and accurate resonance engineering, the next step is the 

development of application-oriented plasmonic platforms. While the previous 

section demonstrated the ability to tune morphology, periodicity, and hybrid 

resonances, the practical relevance of this management is revealed in the 

context of functional performance, as described in the following sections. 

Among plasmon-enhanced techniques, surface-enhanced Raman 

spectroscopy is a sensitive method for evaluating plasmonic fields, as the 

Raman signal intensity strongly correlates with the local electromagnetic field 

enhancement at metal nanostructures. The overall signal is associated with the 

excitation of LSPs, which, at optimized features and hot-spot induction, 

enables ultrasensitive molecular fingerprint detection. Field localization is 

determined by the shape and relative arrangement of the nanostructure, 

therefore, a wide variety of parameters lead to improved signal. 

Conventional SERS substrates, usually produced by chemical synthesis or 

lithographic techniques, are limited in shape and morphology control, 

complexity and multi-step processing, or high reproducibility and throughput. 

Therefore, a versatile, scalable tool for the formation of repetitive 

nanostructures is required, and the single-step DLW technique for 

morphology-controlled arrays is a promising route toward tunable, 

reproducible SERS substrates. For that, a systematic investigation of shape-
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dependent Raman signal enhancement performance is conducted to establish 

a correlation between structural states and amplification values. 

In this investigation, different-morphology nanostructures in symmetric 

arrays of 100×100 µm2 were fabricated at a wavelength of 343 nm on Au 

substrates with varying thicknesses from 50 nm to 200 nm. Initially, a 

significant observation regarding the formation of the structure was made. As 

was already described in Section 3.1.2, thickening of the thin film mainly 

changes the required formation energies and affects the jet formation, 

resulting in widening of the spike and a decrease in the structure's total height. 

However, an additional increase in 175-200 nm thick layers alters the 

formation mechanism with film stratification and double fabrication of thinner 

jets, similar to the ones obtained at the thinnest 50 nm films (Figure 3.15a). In 

this regime, high-energy pulses produce jets in the upper layer that are 

removed, while secondary jets are then produced from the underlying 

stratified layer. Stratification is achieved due to excessive layer thickness, 

when the pulse effectively affects only part of it, leading to multilayer 

formation and repetitive fabrication of recurring thin spikes. 

 
Figure 3.15. a) SEM images of various morphological structures on different-

thickness gold films. b) Raman scattering spectrum obtained from a 100 nm-thick 

gold nanostructure grating with a 4-MBA monolayer. 

For SERS evaluation, a 4-MBA self-assembled monolayer was deposited, 

serving as a Raman reporter with the two most prominent characteristic bands 

at 1074 cm-1 and 1589 cm-1 (Figure 3.15b). These are associated with the 

breathing vibration of the aromatic ring, coupled with the C-S stretching, and 

with the aromatic ring stretching mode, respectively. During the 

measurements, all shapes obtained from 100 nm-thick films were first 

compared to assess the influence of morphology on the signal, which was 

collected from a 1.2 µm spot with a mapping area of 5×5 µm2. For each 

measurement, the signal was acquired from a single illuminated structure, with 

several measurements taken over time, and later normalized to 1 second. 

SERS activity is strongly influenced by the shape and roundness of the grating 
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structures; thus, eight distinct morphological states were measured, and the 

obtained Raman spectra are shown in Figure 3.16a, with the corresponding 

SEM images in Figure 3.16b. Rounded bumps exhibit the lowest signal 

enhancement, lacking sharp geometries and corners required for hot spot 

formation. Growing structures that result in cone and jet regimes lead to higher 

SERS intensities of the characteristic bands, as the apex introduces regions for 

high electromagnetic field enhancement. A subsequent rise in fabrication 

energy, which causes structures to fracture and form holes, results in a 

degraded signal, with no visible amplification at broken jets. 

 
Figure 3.16. a) Raman intensity spectra and b) corresponding SEM images of 

different morphology structures on a 100 nm gold thick film. c) Enhancement factor 

dependence on the structure shape for two characteristic bands of 4-MBA. d) SERS 

intensity mapping of the 1589 cm-1 band. e) Near-field intensity simulations of 

different morphology structures with their corresponding SEM images. 
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By applying equation (10), the enhancement factor was calculated for two 

of the most prominent vibrational modes (Figure 3.16c). Here, the maximum 

values are marked as solid symbols, and the ranges of values obtained from 

mapping measurements are indicated next to them. This qualitative analysis 

confirmed that there is an optimal morphology for Raman signal amplification 

with the strongest field localization. It was determined to be solid jets, with 

the highest calculated EFs reaching 1.83×107 at 1074 cm-1 and 1.75×107 at 

1589 cm-1. Similar 107-order enhancements were also achieved in 

energetically close jets; for cones, it reduced to 106, while bumps and fractured 

jets exhibit an EF of only 105. Although the 1074 cm-1 mode is slightly higher 

in EF, the 1589 cm-1 mode is more inert to solvent and metal interactions, so 

the mapping of this latter mode was performed (Figure 3.16d). These 

demonstrate that the enhancement is recurring and can be obtained from 

repetitive individual structures. 

Experimental observations are supported by numerical simulations of the 

near-field (Figure 3.16e), indicating that the electric field enhancement in jets 

is twice that of cones and 2.5 times that of bumps. While weak enhancement 

is observed along the sides of hemispherical structures, jets exhibit two hot 

spots, localized at the spike apex and at the junction of the spike and conical 

base. This highlights that sharp tips are the primary mechanism for achieving 

ultra-high plasmon-enhanced sensitivity. 

Table 3. SERS signal intensity and EF of jets on different Au thicknesses. 

No. 
Au 

thickness 

ISERS, [cps] EF 

1074 cm-1 1589 cm-1 1074 cm-1 1589 cm-1 

(3) 100 nm 6891 5265 1.83×107 1.75×107 

(4) 125 nm 7363 7266 1.86×107 2.30×107 

(5) 150 nm 11811 8531 2.73×107 2.46×107 

Following the determination of the optimal shape, the effect of thin-film 

thickness was additionally investigated, since it strongly affects jet formation, 

as shown in Figure 3.15a. Varying the thickness of the solid jets again yields 

different Raman responses (Figure 3.17a), with distinct intensities in the two 

4-MBA peaks. Experimental characterization demonstrates a clearly 

distinguishable maximum at 125 nm and 150 nm, where the Raman signal 

reaches 11811 cps. The observed performance trend is characterized by an 

increase with thickness growth up to 150 nm, followed by a decline toward 

200 nm. This could be attributed to the thickening of the spikes and their 
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subsequent thinning due to stratification (Figure 3.17b). The EFs for both 

bands in different films were calculated (Figure 3.17c), with a clear distinction 

among three medium thicknesses, reaching an enhancement magnitude of 107. 

The exact intensity and maximum EF values for these samples are given in 

Table 3. Conversely, jet-like structures with thin spikes reach only the 106-

order signal amplification. The mappings (Figure 3.17d) also display that the 

signal recurs periodically within these structures. 

 
Figure 3.17. a) Raman intensity spectra and b) corresponding SEM images of 

different jet-like structures on various gold thick films. c) Enhancement factor 

dependence on the film thickness of the jet for two characteristic bands of 4-MBA. d) 

SERS intensity mapping of the 1589 cm-1 band. e) Near-field intensity simulations of 

different jets on various thickness films with their corresponding SEM images. 

Different jets obtained at thicknesses of 50, 100, 150, and 200 nm were 

simulated for near-field analysis and interpretation of results (Figure 3.17e), 
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which evaluated changes in spike diameters, heights, and the conical base 

height. These suggest that the configuration, including a thick spike that 

interacts with a higher base, leads to double excitation of hot spots, with 

stronger interactions among them. 

In summary, DLW-produced tunable nanostructures in periodic arrays can 

be implemented and effectively used as platforms for surface-enhanced 

Raman spectroscopy. Plasmonic efficiency and signal amplification are 

governed by morphology, with experimental results and numerical 

simulations indicating that the optimal shape for this application is a needle-

like jet with sharp spikes, which generates multiple active hot spots. 

Additional optimization of gold film thickness led to an enhancement 

improvement, with a carefully tuned jet shape. Thick-spike structures achieve 

enhancement factors of 107. High reproducibility and structural uniformity 

mark this fabrication technique as a reliable approach for analytical detection 

platforms, offering high sensitivity and repeatability in results. 
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3.2.2. Bimetallic nanobump grating platforms for refractive 

index sensing 

This subchapter is based on the paper [P6] published in Advanced 

Materials Technologies, 10(20), e01199, 2025, by K. Vilkevičius, T. 

Rakickas, and E. Stankevičius. 

While SERS performance reflects the localized near-field enhancement, 

influenced by single structures, another metric of plasmonic platform 

functionality is the sensitivity of collective grating resonances to changes in 

the surrounding refractive index. Periodic arrays support grating-coupled 

modes with narrow peaks and dispersive features, making them suitable for 

RI sensing applications, where resonance shifts directly correspond to 

variations in the environment, enabling label-free detection of biomolecules, 

analytes, and other pathogens or chemical agents. Conventional SPR sensors 

typically employ prism-based configurations, which require bulky optical 

components. While providing high sensitivity, their overall size and device 

complexity limit their applicability to compact, on-chip, or portable solutions. 

Therefore, the developed DLW fabrication methodology for thin metallic 

samples was applied to realize plasmonic sensors based on nanobump 

gratings. Building upon morphology- and dimension-controlled arrays, further 

performance improvements can be achieved through material combination. 

Bimetallic structures, specifically Ag-Au bilayers, offer a combined approach 

of both metals – the high plasmonic quality and low damping losses of silver 

paired with the chemical stability of gold. Here, a single-step fabrication 

process combined with material adjustments to enhance sensing capabilities 

is presented. 
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For this research, three different samples of nanobump gratings with a 

0.8 µm period were fabricated on gold, silver, and a silver-gold bilayer of 

50 nm using a 343 nm wavelength with pulse energies in the 0.46-0.55 nJ 

range. The size of the bump was kept at approximately 200 nm across all 

samples to enable comparative responses (Figure 3.18a-c). Three samples 

with 3×3 mm2 arrays for each film were produced to ensure repeatability. To 

evaluate plasmonic performance, an adhesive chamber was attached, and 

reflectance spectra were measured for ultrapure water and glycerol solutions 

at concentrations of 1.7%, 3.4%, 5.1%, and 6.8%. Spectrophotometric 

measurements at a near-normal incidence angle (8°) revealed that the 

transition from air to a liquid environment induces a significant redshift of 

over 250 nm, indicating a high grating sensitivity to changes in the ambient 

refractive index for all three samples (Figure 3.18d-f). A 1.7% change in liquid 

concentration results in a redshift of the peaks by 2-3 nm.  

 
Figure 3.18. Photos with SEM insets of a) gold, b) silver, and c) silver-gold bilayer 

samples. Reflectance spectra of p-polarization in air (dashed line) and liquids (solid 

lines) for d) gold, e) silver, and f) silver-gold bilayer samples. Resonant wavelength 

dependence on RI with sensitivity of g) s-polarization (m = ±1), h) p-polarization (m 

= +1), and i) p-polarization (m = −1) resonant peaks. 
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Each of the three main resonant peaks (m = ±1 in s-polarization, m = +1, 

and m = −1 in p-polarization) exhibits slightly different dispersive properties; 

therefore, these were investigated separately for wavelength-RI dependence 

(Figure 3.18g-i) and compared across different samples. A nearly linear trend 

in resonant wavelength is observed as the liquid's RI gradually increases. 

Calculations of the performance parameters revealed that all platforms 

achieve sensitivities around 800 nm/RIU, with the m = −1 peak exhibiting the 

largest sensitivity (around 870 nm/RIU) and m = +1 being the least sensitive 

(790 nm/RIU). Despite that, no clear trend was observed in the material used, 

as all the samples yielded similar results. In addition, for the bilayer sample, 

the LoD was determined using lower-concentration solutions (0.2%, 0.41%, 

0.84%, and 1.68%). Based on the measurements, the LoD concentration is 

approximately 0.84%, corresponding to an RI change of 0.0013. This is 

limited by the spectrophotometer's wavelength step size and by peak width. 

While the metallic configuration has a low impact on sensitivity, it dictates 

the characteristics of the grating-coupled resonance peaks, thus influencing 

quality factors and the FOM parameter. In air, silver exhibits the strongest 

plasmonic properties due to its low damping losses, with the highest MQ-

factor of 10.25 for the s-polarized peak. The gold bumps exhibit the lowest 

MQF (6.62), and the bilayer sample serves as a middle ground with an MQF 

of 8.18, using the upper gold layer as an oxidation protector. Interestingly, for 

the p-polarized m = −1 peak, associated with out-of-plane excitation, the 

bilayer sample outperforms pure silver (11.4) and gold (10), with the MQ-

factor reaching 14. This affects the FOM presented in Table 4. The silver 

sample exhibits the largest FOM across all resonant peaks, as its resonant 

peaks are narrower than those of other samples. Meanwhile, the silver-gold 

bilayer sample shows intermediate FOM values, with only the out-of-plane 

resonance, influenced by the structures' height inhomogeneities, being 

identical to the least effective gold sample. Although silver demonstrates the 

strongest sensing properties, the most practical configuration is a bilayer 

sample, combining oxidation resistivity with moderate plasmonic response. 

Table 4. Figure of merit (FOM) for the investigated samples and the main peaks. 

Sample 
Figure of merit (FOM), [RIU-1] 

m = ±1 m = +1 m = −1 

Ag 42.1 ± 3.1 33.3 ± 0.3 31.8 ± 0.7 

Au 30.1 ± 0.7 26.2 ± 0.6 24.4 ± 0.7 

Ag-Au 38.4 ± 1.7 29.9 ± 0.5 24.2 ± 0.6 
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Since the resonant peaks are angle-dependent, the influence of the AOI on 

the performance of the silver-gold bilayer platform was investigated at 15°, 

30°, 45°, and 60° for all liquids used. As discussed previously, s-polarization 

and p-polarization positive-order resonances blueshift, while the p-

polarization negative-order peak undergoes a redshift with increasing angle 

(Figure 3.19a-b). This shift introduces additional practical constraints related 

to environmental absorption zones – the water absorption zone (at 1400-

1500 nm) and the adhesive chamber absorption peaks (1650-1730 nm), which 

overlap with the m = −1 resonant peaks of p-polarization at 30° and 45° angles. 

This underscores the necessity of optimizing the AOI based on the liquid used 

to ensure high-quality spectral responses. 

 
Figure 3.19. Reflectance dependence on AOI for a) s- and b) p-polarization in a water 

environment. c) Resonant wavelength change with angle in different liquids. Insets 

depict the dependence of the resonant wavelength on RI at a 60° angle for specific 

peaks. 
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Despite the angular shift, the platform maintains a linear response to RI 

changes, with a 2-4 nm resonant wavelength increment as glycerol 

concentration increases by 1.7% (Figure 3.19c). The optimal choices of AOI 

and resonant peak determine a critical compromise between sensitivity and 

FOM. As the AOI increases, both p-polarization resonances decrease in 

sensitivity and exhibit smaller wavelength shifts, whereas the s-polarization 

resonance exhibits enhanced sensitivity, reaching 933 nm/RIU. The opposite 

tendency is observed in the FOM, where this m = ±1 peak blueshift is 

accompanied by spectral broadening and a decreasing FOM trend. And since 

the m = −1 peak preserves its narrow width while redshifting, the FOM of this 

resonance is growing with increasing AOI, reaching 57 RIU-1. Specific values 

of sensitivity and FOM for each peak and angle are given in Table 5. This 

proves that s-polarization resonances are preferable at lower angles due to 

higher initial quality, while p-polarization negative-order resonances become 

more advantageous at higher angles. 

Table 5. Sensitivity and FOM for the Ag-Au sample at different AOIs. 

Angle 
Sensitivity, [nm/RIU] FOM, [RIU-1] 

m = ±1 m = +1 m = −1 m = ±1 m = +1 m = −1 

8° 802 790 863 38 29 24 

15° 817 751 854 35 22 30 

30° 877 - 839 33 - 38 

45° 920 - 829 31 - 42 

60° 933 - 826 24 - 57 

The stability of the bimetallic sensing platform was evaluated by repetitive 

spectral measurements, which showed identical resonant peak positions and 

confirmed the robustness of the results. Repeatability was assessed by 

comparing three independently fabricated Ag-Au samples under identical 

conditions, revealing high consistency in their spectral responses. While with 

minor deviations in absolute resonant wavelengths, the fundamental sensing 

performance remained uniform across the samples, with sensitivity 

differences of only 3 nm/RIU. The platform's durability was investigated by 

taking repeated measurements after 6 months, with the attached chamber 

serving as a protective layer. Spectral measurements (Figure 3.20) confirmed 

that the resonant wavelengths remained unchanged, with minor fluctuations 

in peak intensities but maintained sensitivity values. 
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Figure 3.20. Durability measurements of a) m = ±1, b) m = +1, and c) m = −1 resonant 

peaks on the day of fabrication (solid lines) and after 6 months (dashed lines). 

In summary, single-step DLW-based production of large-scale nanobump 

gratings can be effectively employed and designed for high-performance RI 

sensing platforms, with a clear resonant shift corresponding to environmental 

changes and a minimal RI change detection limit of 0.0013. Although the 

results were demonstrated only with glycerol, they indicate the potential to 

adapt the platform for affinity-based sensing through surface 

functionalization, which will be further explored in future experiments. 

Material substitution and the use of a silver-gold bilayer structure enable the 

benefits of both metals, achieving high plasmonic performance and long-term 

chemical stability. Additional tuning of the AOI enables more flexible 

management and enhancement of sensitivity or FOM parameters, achieving 

up to 933 nm/RIU and 57 RIU-1 values. Repeatability and durability, as 

evidenced by stable performance over long-term measurements, make this 

compact platform a reliable solution for label-free detection. 

3.2.3. Main results and conclusions 

This section described the practical utilization of DLW-produced gratings 

for plasmonic applications. By controlling laser-induced morphological 

transitions and material combinations, the platforms can be adjusted for 

specific applications – either SERS or RI-based sensing – and achieve high 

sensitivities and enhancement factors. Jet-like structure optimization enables 

SERS enhancement to reach 107 orders of magnitude. Meanwhile, 

hemispherical bumps show potential for environmental RI sensing, with 

sensitivity exceeding 850 nm/RIU. These results confirm that DLW-based 

periodic arrays provide a reliable and scalable alternative for compact and 

label-free detection platforms. 
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One statement to defend was formulated according to the accomplished 

results described in this chapter: 

• Morphological engineering of laser-fabricated plasmonic nanostructures 

provides application-specific functionality of large-scale gratings: high-

aspect-ratio nanojets maximize SERS enhancement factor up to 2.73×107, 

while Ag-Au bimetallic nanobump gratings offer stability and tunable 

sensitivities exceeding 850 nm/RIU, sufficient for RI sensing. 
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4. MAIN RESULTS AND CONCLUSIONS OF 

THE THESIS 

The research presented in this thesis provides a broad analysis of 

femtosecond direct laser writing as a single-step, easily tunable methodology 

for the nanoengineering of noble metal films for large-scale plasmonic grating 

formation. By manipulating laser parameters, material configurations, and 

array geometries, this work demonstrates precise control over grating-coupled 

resonances, which can be effectively applied to advanced analytical 

applications.  

The main results and conclusions supporting the statements to defend: 

• The reduction of the laser wavelength from 1030 nm to 343 nm results in 

increased absorption in thin films, enabling a lower modification threshold 

(0.1 J/cm2) and expanding morphological tuning over a broader fluence 

range (0.4 J/cm2). 

• The reduction of the laser wavelength from 1030 nm to 343 nm results in 

reduced beam size, allowing the production of arrays with the smallest 

submicron periods that are unattainable with IR wavelengths. 

• Morphology of single fs laser pulse-induced nanostructures can be tuned 

from hemispherical nanobumps to sharp jets by increasing pulse energy, 

while increasing metal thickness results in thickening of the produced 

structures. 

• Morphology manipulation can be achieved by reducing the grating period 

below the focused beam size, as an overlapping effect decreases the 

modificational thin-film fluence due to intrinsic layer modification. 

• Resonant wavelength spectral position and its quality are highly influenced 

by the structure morphology, as the out-of-plane mode is excited, which 

depends on the height component. 

• Arrays with a small-period tendency in one axis produce quasi-1D arrays, 

possessing 2D physical geometry but exhibiting 1D spectral 

characteristics, as diagonal excitation is eliminated. 

• In symmetric 2D gratings, spectral positions and coupling efficiency are 

governed by the manipulation of azimuthal and incidence angles, 

corresponding to high-symmetry axes, enabling continuous tuning of the 

resonance across the entire Vis-NIR range. 

• Among DLW-produced morphologies, needle-like jets provide the largest 

enhancement factor, as the sharp tip creates a hot spot that can be further 



84 

amplified by film thickness optimization (at 150 nm), thus exhibiting a 

2.73×107 enhancement factor. 

• A bimetallic Ag-Au configuration combines advantageous properties of 

both metals, providing a platform consisting of periodic bumps for a 

plasmonic RI sensor with high environmental resistivity and stability, and 

an intermediate metal sensitivity (over 850 nm/RIU), which can be 

improved by an additional angular control (up to 933 nm/RIU). 
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5. SANTRAUKA 

ĮVADAS 

Plazmoniniai mikro- ir nanodariniai per pastaruosius dešimtmečius 

sulaukė didelio susidomėjimo dėl jų gebėjimo lokalizuoti šviesą ir sustiprinti 

elektromagnetinius (EM) laukus mažesniuose už bangos ilgį matmenyse, 

sužadinant paviršinius plazmonus (SP) [1-3]. Nors plazmonikos srityje dėl 

stipraus laisvųjų elektronų atsako pagrinde naudojami taurieji metalai, 

plazmonikos struktūroms gali būti taikomos ir kitos medžiagos – stipriai 

legiruoti puslaidininkių kristalai [4, 5], dvimatės (2D) medžiagos [6] bei 

laidieji polimerai [7]. Kiekviena medžiagų klasė remiasi skirtingais 

mechanizmais: puslaidininkiuose plazmoniniai reiškiniai susiję su 

laisvosiomis skylėmis, 2D medžiagose – su elektronų ir skylių sąveika, o 

polimeruose – su polaroniniais krūvininkais. Tačiau dėl sudėtingų gamybos 

iššūkių, susijusių su pastarosiomis medžiagomis, taurieji metalai, tokie kaip 

auksas (Au) ar sidabras (Ag), išlieka pagrindinėmis medžiagomis didelio 

efektyvumo plazmoniniams taikymams [8]. 

Tauriuosiuose metaluose šviesos ir medžiagos sąveiką lemia kolektyvūs 

laidumo elektronų virpesiai, kurie apibūdinami kaip lokalizuoti paviršiniai 

plazmonai (LSP) pavienėse nanodalelėse bei kaip sklindantys paviršiniai 

plazmonų poliaritonai (SPP) metalo-dielektriko sandūroje. Plazmoninio 

rezonanso (SPR) dažniu sužadinti laisvieji elektronai sustiprina krintančios 

spinduliuotės sugertį ir sklaidą bei lemia reikšmingą artimojo lauko 

sustiprėjimą [9]. Tokių metalinių darinių išdėstymas į periodines gardeles ant 

plonų metalinių dangų sukuria papildomą difrakcinio pobūdžio sąryšį, 

leidžiantį šioms modoms sąveikauti. Toks ryšys lemia LSP ir SPP 

hibridizaciją, dėl kurios sustiprėja jų sąveika, sumažėja nuostoliai ir pagerėja 

optinės savybės [10-12]. 

Šios unikalios savybės atveria plačias taikymo galimybes – nuo teršalų 

aptikimo [13], biologinių žymenų nereikalaujančios biomedicininės 

diagnostikos [3, 14] ir aplinkos stebėsenos [15] iki fotoninių įrenginių [16], 

energijos surinkimo sistemų [17] bei nanolazerių [18, 19]. Stipri EM lauko 

lokalizacija struktūrose leidžia kurti jautrias aptikimo platformas ir 

kompaktiškus fotoninius prietaisus. Nuolat augant pažangių analitinių ir 

diagnostinių technologijų poreikiui, plazmoninės platformos sulaukia vis 

didesnio dėmesio dėl didelio jautrumo, greito atsako, tikslumo ir 

suderinamumo su integruotomis sistemomis. 

Tradicinė tokių metalinių plazmoninių struktūrų gamyba remiasi iš viršaus 

į apačią (angl. top-down) litografijos metodais, kurie dažnai derinami su 



87 

metalo nusodinimo ir lift-off technikomis [20, 21]. Nors šie metodai ir yra 

tikslūs, jų daugiapakopiai procesai ribojami mažu našumu, didelėmis 

gamybos sąnaudomis arba ribotu atkartojamumu bei struktūrų kontrole. Todėl 

tiesioginis lazerinis rašymas (DLW) iškilo kaip greita, vieno žingsnio ir 

ekonomiškai efektyvi alternatyva tokių darinių formavimui [22-25]. 

Ultrasparčiųjų femtosekundinių impulsų naudojimas medžiagos 

struktūrizavimui suteikia naujų galimybių padidinti gamybos spartą bei 

pagerinti suformuotų darinių ir jų savybių valdymą. Rezonanso padėtis, 

kokybės faktorius ar artimojo lauko sustiprinimo efektyvumas gali būti tiksliai 

reguliuojamas keičiant įvairius technologinius parametrus [26, 27]. Nepaisant 

DLW potencialo, ši metodika vis dar susiduria su tam tikrais iššūkiais. 

Siekiant užtikrinti stabilias ir atkartojamas darinių savybes, būtina tiksli 

struktūrų kontrolė, o tam reikalinga nuodugni pagrindinių lazerinės sistemos, 

bandinio bei gardelės parametrų analizė. Taip pat iki šiol nepakankamai 

ištirtas sudėtingas daugiakryptis sužadinimas 2D gardelėse bei jų gebėjimas 

pasižymėti vienmačių (1D) gardelių savybėmis. Tad šiame darbe nagrinėjama 

tauriųjų metalų nanoinžinerija femtosekundiniu lazeriu bei plazmoninių 

gardelių formavimas pažangiems plazmoniniams taikymams. 

Pagrindinis šio disertacijos tyrimo tikslas – ištirti ir optimizuoti 

morfologiškai valdomų tauriųjų metalų nanodarinių didelio ploto gardelių 

vienažingsnę gamybą, naudojant femtosekundinę (fs) tiesioginio lazerinio 

rašymo technologiją, eksperimentiškai ir teoriškai charakterizuoti jų 

plazmonines savybes bei įvertinti pritaikomumą su plazmonika susijusiose 

srityse, įskaitant paviršiumi sustiprintą Ramano spektroskopiją (SERS) bei 

lūžio rodiklio (RI) jutiklius. 

Darbo tikslui pasiekti buvo suformuluoti šie uždaviniai: 

1. Sukurti greitą ir lengvai išplečiamą tiesioginio lazerinio rašymo 

metodą, skirtą formuoti didelių plotų 1D ir 2D gardeles, sudarytas iš 

morfologiškai valdomų metalinių nanodarinių. 

2. Ištirti nanodarinių morfologijos valdymo galimybes ir optimizuoti 

formavimo parametrus, reikalingus skirtingos geometrijos struktūroms 

pagaminti. 

3. Eksperimentiškai ir teoriškai charakterizuoti suformuotų gardelių 

plazmonines savybes bei nustatyti jų sąryšį su morfologija ir gardelės 

simetrija. 

4. Ištirti periodinių nanodarinių taikymo galimybes SERS srityje. 

5. Ištirti periodinių nanodarinių taikymo galimybes metalinių 

plazmoninių RI jutiklių srityje. 
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Darbo mokslinis naujumas ir aktualumas 

Darbe pristatytas ir išsamiai ištirtas spartus tiesioginio lazerinio rašymo 

(DLW) metodas, skirtas plonų metalinių dangų struktūrizavimui ir laisvos 

formos ir didelio ploto gardelių gamybai su bangos ilgio eilės periodais. Šiame 

tyrime pirmą kartą atlikta detali DLW būdu suformuotų aukso nanodarinių 

analizė, ištiriant periodo lemiamus morfologinius pokyčius bei impulsų 

persidengimo efekto įtaką formavimosi parametrams. Taip pat pirmą kartą 

pristatytos DLW būdu suformuotos kvazi-1D gardelės, kurios turi dvimatę 

geometriją, tačiau pasižymi aukštos kokybės vienmatėms sistemoms 

būdingomis spektrinėmis charakteristikomis. Darbe pateikiama teorinė ir 

eksperimentinė simetrinėse 2D gardelėse sužadinamo plazmonų rezonansų 

dvigubo kampinio valdymo analizė, atskleidžianti pagrindinių ir įstrižainių 

difrakcinių gardelių tarpusavio sąveiką bei jų įtaką rezonansinėms savybėms. 

Galiausiai pademonstruotas metodo potencialas kurti didelio ploto 

plazmonines struktūras, kuių morgolofija pritaikoma konkrečioms taikymo 

sritims: sukurtos kompaktiškos bei didelio našumo analitinės platformos lūžio 

rodiklio matavimams bei SERS detekcijai. 

Ginamieji teiginiai 

1. Naudojant pastovios NA objektyvą, fs lazerio bangos ilgio mažinimas 

nuo 1030 nm iki 343 nm tris kartus išplečia nanodarinių formavimosi 

energijos įtėkio diapazoną ir sumažina pasiekiamą gardelės periodą iki 

450 nm, o papildomas dangos storio valdymas bei impulsų persidengimo 

didinimas leidžia tiksliau valdyti nanodarinių morfologiją, sumažinant 

modifikacijos slenkstį. 

2. 2D gardelėse plazmoninių rezonansų spektrinės savybės priklauso 

nuo nanodarinių morfologijos, kai darinio aukščio didėjimas lemia 

neplokštuminio rezonanso poslinkį į didesnius bangus ilgius, o suformuotos 

kvazi-1D gardelės slopina įstrižainės rezonansus ir leidžia spektriškai izoliuoti 

žadinamas modas. 

3. Simetrinėse 2D gardelėse žadinami rezonansai pasižymi aukščiausia 

kokybe kai jie yra žadinami išilgai aukštos simetrijos ašių (0°, 45°, 90°), o jų 

spektrinė padėtis visame Vis-NIR (400-1600 nm) diapazone gali būti 

koreguojama dvigubu kampiniu valdymu, keičiant azimutinį (0°-90°) ir 

spinduliuotės kritimo (8°-30°) kampus. 

4. Lazeriu suformuotų plazmoninių nanodarinių morfologinis valdymas 

leidžia koreguoti didelio ploto gardelių funkcionalumą, pritaikant jį 

konkrečioms sritims: aukštos antenos maksimaliai padidina SERS stiprinimo 

koeficientą iki 2,73×107, o Ag-Au bimetalinių gumbelių gardelės užtikrina 

stabilumą bei koreguojamą jautrumą virš 850 nm/RIU, tinkamą RI jutikliams. 
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Aprobacija 

Disertacija paremta 6 moksliniais straipsniais [P1]-[P6], publikuotais 

tarptautiniuose mokslo leidiniuose, indeksuojamuose ir turinčiuose 

cituojamumo rodiklį Clarivate Analytics Web of Science (CA WoS) duomenų 

bazėje. Turimas 1 publikuotas su disertacija susijęs lietuviškas patentas [T1]. 

Taip pat 3 su disertacija tiesiogiai susiję rezultatai paskelbti konferencijų 

medžiagose [P7]-[P9]. Kiti, su disertacija nesusiję, rezultatai publikuoti 4 

tarptautiniuose mokslo leidiniuose, indeksuojamuose ir turinčiuose 

cituojamumo rodiklį CA WoS duomenų bazėje [OP1]-[OP4] bei 2 

konferencijų medžiagose [OP5]-[OP6]. 

Doktorantūros metu su disertacija susiję rezultatai pristatyti 26 

konferencijose [C1]-[C26], iš kurių 13 tarptautinėse, 8 nacionalinėse 

konferencijose bei 5 vasaros mokyklose. 

Autoriaus ir bendraautorių indėlis 

Autorius savarankiškai atliko didžiąją dalį eksperimentinių tyrimų – nuo 

mėginių paruošimo ir metalų nusodinimo iki lazerinės sistemos derinimo bei 

nanodarinių formavimo DLW metodu. Autorius atliko visus kitiems 

bendraautoriams nepriskirtus darbus: darinių charakterizavimą, duomenų 

analizę, teorinius skaičiavimus bei rezultatų vizualizavimą. Autorius parengė 

visų [P1]-[P6] publikacijų rankraščius, atsižvelgiant į bendraautorių pastabas 

ir pasiūlymus. Taip pat autorius sukūrė tris viršelių dizainus, kurie buvo 

publikuoti žurnaluose kartu su [P2], [P4] bei [P6] darbais. 

Dr. Evaldas Stankevičius pasiūlė tyrimo idėją ir vadovavo doktorantūros 

studijoms bei atliekamiems darbams. Dr. Algirdas Selskis atliko visus SEM 

matavimus. Dr. George D. Tsibidis atliko [P2] publikacijoje skelbiamus 

šiluminius modeliavimus, taikant dviejų temperatūrų modelį (TTM). 

Dr. Emmanuel Stratakis suteikė tyrimų įrangą, reikalingą [P2] publikacijai, 

bei konsultavo šiame darbe aprašytų formavimo bei modeliavimo rezultatų 

klausimais. Kipras Čepaitis, kuruojant autoriui, atliko [P3] publikacijoje 

aprašytų gardelių gamybą ir jų optinius matavimus. Dr. Lina Grinevičiūtė 

konsultavo [P4] publikacijos difrakcinių gardelių modeliavimo klausimais. 

Doktorantas Lucciano A. Letelier atliko spektrinius ir artimojo lauko FDTD 

modeliavimus, naudotus [P4] publikacijoje. Dr. Ilja Ignatjev atliko [P5] 

publikacijoje aprašytus SERS matavimus. Dr. Gediminas Niaura konsultavo 

[P5] publikacijoje pateiktų SERS eksperimentinių rezultatų klausimais. 

Tomas Rakickas paruošė [P6] publikacijoje naudotus skysčius lūžio rodiklio 

matavimams bei atliko jų elipsometrinį charakterizavimą. 
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LITERATŪROS APŽVALGA 

Šiame disertacijos skyriuje pateikiama literatūros apžvalga, susijusi su 

disertacijos tyrimais bei metodais. 

Poskyris 1.1. Nanofotonikos srities plėtra paskatino didelį susidomėjimą 

šviesos ir medžiagos sąveikos valdymu mažesniuose nei bangos ilgis 

masteliuose, o viena iš svarbiausių sričių yra plazmonika. Paviršiniai 

plazmonai (SP) yra kolektyviniai laidumo elektronų virpesiai metaluose, 

sužadinami elektromagnetine (EM) spinduliuote esant rezonansinėms 

sąlygoms [9]. Jų žadinimas lemia optinę ekstinkciją bei EM lauko stiprinimą, 

o tai sudaro pagrindą daugeliui plazmoninių taikymų. Plazmonų rezonansas 

(SPR) pasireiškia spinduliuotės sugertimi, kuri priklauso nuo aplinkos 

savybių, plazmoninių dalelių dydžio, formos, koncentracijos ar sudėties [28-

30]. Dažniausiai plazmoninėms sistemoms naudojami auksas ir sidabras dėl 

rezonanso pasireiškimo matomosios ir artimosios infraraudonosios (NIR) 

spinduliuotės diapazonuose [32]. 

Poskyris 1.2. Metalinių nanodarinių optines savybes lemia sužadinamos 

plazmoninės modos. Pagrindinės yra lokalizuoti paviršiniai plazmonai (LSP) 

ir paviršiniai plazmonų poliaritonai (SPP), tačiau jų sąveika lemia 

hibridizaciją bei naujų modų susidarymą. LSP sužadinami pavienėse metalų 

nanodalelėse, kurios yra mažesnės už krintančios spinduliuotės bangos ilgį. 

Taip EM sužadina kolektyvius elektronų svyravimus visame dalelės tūryje, o 

LSP savybės stipriai priklauso nuo dalelės dydžio, formos, medžiagos bei 

aplinkos parametrų [11, 29]. Antroji SPP moda susidaro metalo-dielektriko 

sandūroje, tačiau dėl SPP ir šviesos bangos vektorių nesutapimo, ji negali būti 

sužadinta tiesiogiai. Sužadinimui naudojama prizmė, kai dėl visiško vidaus 

atspindžio suderinami banginiai vektoriai [33, 35]. Alternatyvus metodas, 

kuriam nereikia papildomo elemento, yra difrakcinis sužadinimas, naudojant 

periodinę gardelę metalo paviršiuje. Tokių rezonansų charakteristikos 

priklauso nuo gardelės periodo, formos bei spinduliuotės žadinimo sąlygų 

[38-40]. Lyginant su LSP, SPP pasižymi didesniu sklidimo atstumu ir 

jautrumu, tad pastaroji moda yra tinkamesnė praktiniams taikymams. Siekiant 

dar labiau išplėsti plazmoninių darinių funkcionalumą, naudojamos ne 

pavienės, bet tarpusavyje susietos – hibridinės – modos. Viena tokių yra 

paviršinis gardelės rezonansas (SLR), pasiekiamas periodinėse metalinių 

nanodarinių gardelėse dėl pasikartojančių LSP ir difragavusios spinduliuotės 

sąveikos [45-48]. Dėl kolektyvinio atsako sumažinami spinduliavimo 

nuostoliai, taip susiaurinant rezonanso plotį ir padidinant jo kokybę. Dar 

sudėtingesnės hibridinės modos susidaro, kai periodinės struktūros 

formuojamos ant metalinių dangų. Šiuo atveju SLR, SPP ir difrakcijos sąveika 
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lemia hibridinių gardelės plazmoninių rezonansų (HLPR) sužadinimą [22, 

53]. Jie pasižymi didele kokybe ir lengvu savybių valdymu, tad yra 

perspektyvūs kuriant platformas nanofotonikos įrenginiams. Būtent šios 

hibridinės gardele žadinamos modos ir pasireiškia tiriamuose dariniuose. 

Poskyris 1.3. Paviršiaus nanostruktūrizavimas reikšmingai keičia ne tik 

pavienių struktūrų, bet ir visos plazmoninės sistemos savybes. Darinių 

charakteristikos, tokios kaip dydis [28, 56], forma [57-60], medžiagos sudėtis 

[2, 62-65], koncentracija ir struktūrų kiekis [66-68] turi didelę įtaką tiek 

darinių gebėjimui sugerti spinduliuotę, tiek kitoms plazmoninėms savybėms. 

Poskyris 1.4. Metaliniai nanodariniai ypač paklausūs plazmonikos ir 

nanofotonikos srityse dėl jų atkartojamumo, homogeniškumo ir galimybės 

išplėsti gamybos apimtis, tad jų formavimui sukurta nemažai skirtingų 

technologinių metodų. Vienas pagrindinių metodų yra elektronų pluošto 

litografija (EBL), leidžianti pasiekti itin didelė skiriamąją gebą bei formuoti 

itin mažų matmenų darinius, tačiau apribota mažo našumo bei nedidelių plotų 

apdirbamumu [72-74]. Fokusuoto jonų pluošto (FIB) litografija leidžia 

tiesiogiai šalinti medžiagą pasiekiant panašią skiriamąją gebą, tačiau pats 

metodas yra brangus, lėtas ir galintis užteršti bandinį jonais [55, 72]. Siekiant 

įveikti našumo ir sąnaudų apribojimui, minkštoji bei nanoįspaudo litografijos 

tapo efektyviomis alternatyvomis didelio ploto struktūrizavimui, naudojant 

štampavimą bei polimeriniais dariniais paremtą formavimą [71, 83]. Nors 

greiti, šie metodai apriboti darinių valdyme, kadangi kiekvienai naujai 

modifikacijai reikalinga nauja brangi štampo gamyba. Alternatyvi kryptis 

periodinių darinių gamyboje – lazerinis apdirbimas, apimantis įvairius 

procesus nuo lazeriu indukuoto tiesioginio medžiagos pernešimo (LIFT), 

lazeriu indukuotų periodinių paviršiaus struktūrų (LIPSS) bei tiesioginio 

lazerinio rašymo (DLW) [88-95]. Ultraspartūs femtosekundiniai impulsai 

leidžia itin tiksliai apdirbti medžiagas su minimalia šilumine įtaka, o energijos 

valdymas įgalina skirtingą apdirbimo būdą bei gaunamos struktūros formos 

keitimą [96-98]. DLW atveju, kai lazerio spindulys aštriai sufokusuojamas 

metalo dangos paviršiuje, dėl medžiagos šildymo ir termodinaminių bei 

mechaninių procesų susiformuoja sudėtingos morfologijos dariniai, sunkiai 

pasiekiami kitais aprašytais metodais. 

Poskyris 1.5. Pažangios plazmoninių struktūrų formavimo technologijos 

leidžia tiksliai valdyti jų parametrus ir, atitinkamai, optines savybes, tad tokie 

dariniai gali būti plačiai pritaikomi įvairiose srityse. Viena svarbiausių 

plazmoninių struktūrų savybių – EM lauko stiprinimas artimajame lauke, kas 

sudaro pagrindą paviršiumi sustiprintai Ramano spektroskopijai (SERS). 

Naudojant tokias struktūras galima žymiai padidinti įprastai silpną Ramano 

sklaidos signalą ir taip aptikti net mažas molekulių koncentracijas bei tiksliai 
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nusakyti tiriamąsias medžiagas [102-104]. Dėl didelio jautrumo ir 

molekulinio specifiškumo, plazmoninių gardelių SERS tyrimai taikomi 

cheminėje analizėje, aplinkos stebėsenoje ir maisto saugos srityse aptikti dažų, 

maisto alergenų, teršalų, sprogmenų bei kitų pavojingų medžiagų pėdsakus 

[13, 107-109]. Metodas taip pat taikomas bioanalizėje aptikti DNR, baltymus, 

biomolekules, nustatyti infekcines ligas ar navikus [110, 111]. Kita svarbi 

taikymo sritis – lūžio rodiklio (RI) jutikliai, paremti SPR jautrumu aplinkos 

pokyčiams, kai įvykus paviršiniams pokyčiams ar reakcijoms stebimas 

rezonansinės smailės poslinkis spektre [38, 50]. Tokių jutiklių jautrumas 

priklauso nuo rezonanso pločio, tad siekiant užregistruoti itin mažus pokyčius, 

kuriamos periodinės gardelės ir hibridiniai masyvai, pasižymintys siaurais 

rezonansais. Šios RI jutiklių platformos sėkmingai naudojamos bežymeniam 

biologinių ir cheminių medžiagų aptikimui, įskaitant vėžinius darinius ir 

bakterijas, dujų bei skysčių analizei [14, 15, 114]. Be šių taikymų, 

plazmoninės struktūros taip pat naudojamos fotoliuminescencijos, sugerties ir 

netiesinių procesų stiprinimui, taip jas pritaikant sustiprintos fluorescencijos, 

kvantikos, spinduliuotės sugėriklių bei nanolazerių srityse [118-126]. 

EKSPERIMENTINĖ ĮRANGA IR METODOLOGIJA 

Šio skyriaus pirmojoje dalyje aprašomas bandinio paruošimas bei darinių 

formavimas, o antrojoje – struktūrų ir jų savybių charakterizavimas. 

Poskyris 2.1. Eksperimentinis darinių formavimas buvo atliekamas 

skirtingo storio plonose metalų dangose (aukso (Au) ar sidabro (Ag)), 

padengtose ant titano (Ti) pasluoksnio. Naudotos dangos pateiktos lentelėje 

Table 1. Plazmoniniai dariniai suformuoti naudojant DLW metodiką, aštriai 

sufokusavus lazerio spindulį metalo paviršiuje bei naudojant pavienį fs 

impulsą darinio formavimui. Periodinės gardelės pagamintos atliekant lazerinį 

skenavimą judinant bandinį transliaciniu staliuku. Formavimo parametrai 

pateikti lentelėje Table 2. Dėl lazerio pluošto Gausinio intensyvumo 

pasiskirstymo, kai didžioji impulso energijos dalis sutelkta centre, buvo 

galima suformuoti mažesnių nei pluoštas matmenų darinius bei išgauti 

impulsų persidengimą, taip pagaminant submikroninių periodų gardeles. 

Poskyris 2.2. Po formavimo, struktūrine darinių analizė buvo atliekama 

naudojant optinį mikroskopą bei skenuojantį elektroninį mikroskopą (SEM). 

Morfologija nustatinėta pagal darinių aukščio ir skersmens santykį: pussferės 

formos struktūros, kurių aukštis mažesnis už diametrą, buvo pavadintos 

gumbeliais, struktūros su panašiais aukščio-diametro matmenimis – kūgiais, 

o dariniai su siaura ir aukšta smaile – antenomis. Spektrinė analizė ir 

atspindžio matavimai buvo atliekami spektrofotometru, naudojant skirtingas 
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poliarizacijas, spinduliuotės kritimo kampus bei bandinio pasukimo 

azimutinius kampus. Iš rezonansinių smailių pagal jų bangos ilgį, plotį bei gylį 

buvo apskaičiuojami kokybės faktoriai, aprašyti (8) ir (9) formulėse. Teoriniai 

EM laukų pasiskirstymo skaičiavimai bei atspindžio spektrai buvo 

sumodeliuoti naudojant tiek baigtinių elementų metodą (FEM), tiek baigtinių 

skirtumų laiko srities (FDTD) metodą. Siekianti įvertinti Ramano signalo 

stiprinimą, atlikti SERS matavimai, naudojant savaime susiformavusį 4-

merkaptobenzoinės rūgšties (4-MBA) monosluoksnį ant aukso gardelių. 

Stiprinimas buvo lyginamas su kontroliniu Ramano matavimu, atliktu 4-MBA 

tirpalu izopropanolyje. Pagrindinis SERS parametras, stiprinimo faktorius 

(EF), apskaičiuotas pagal (10) formulę, įvertinant paviršiaus padengimą bei 

šiurkštumą skirtingos morfologijos dariniams. Siekiant ištirti lūžio rodiklio 

jutimo galimybes, ant suformuotų gardelių paviršiaus buvo pritvirtinta 

kamera, į kurią buvo įleidžiamas skystis – vanduo bei skirtingos 

koncentracijos glicerolio tirpalai. Lyginant atsaką ore ir skystyje bei stebint 

rezonansinės smailės poslinkį, buvo apskaičiuotas platformos jautrumas pagal 

(13) formulę bei efektyvumo rodiklis pagal (14) formulę. Galiausiai, siekiant 

nustatyti jutiklio atsparumą bei ilgaamžiškumą, bandiniai buvo laikyti 6 

mėnesius, po kurių atlikti pakartotiniai matavimai. 

REZULTATAI 

Rezultatų skyrius išskaidytas į dvi dalis ir išdėstytas taip, kad atspindėtų 

tyrimo eigą: pradedant pagrindiniais formavimo parametrais ir baigiant 

taikymais. Pirmoji dalis aprašo nanodarinių gamybą DLW metodu įvairiomis 

sąlygomis bei jų įtaką plazmoninėms savybėms. Šie rezultatai paskelbti [P1]-

[P4] publikacijose. Antroji dalis aprašo plazmoninių gardelių funkcines 

charakteristikas ir jų pritaikymus, kurie paskelbti [P5]-[P6] publikacijose. 

Plazmoninių nanodarinių gardelių lazerinis formavimas ir jų ištyrimas. 

Poskyris 3.1.1. Bangos ilgio nulemtas plazmoninių nanodarinių 

formavimas. Šis poskyris paremtas straipsniu [P1]. Tiesioginis lazerinis 

rašymas (DLW) fs impulsais leidžia tiksliai struktūrizuoti plonas metalines 

dangas, o sistemos ir apdirbimo parametrai turi itin didelę įtaką pagaminamų 

darinių formai bei kokybei. Vienas pirminių tokių parametrų – lazerio bangos 

ilgis, lemiantis sugerties efektyvumą ir medžiagos atsaką. Plonas aukso 

dangas paveikus 1030 nm, 515 nm bei 343 nm bangos ilgių impulsais, dėl 

besiskiriančios spinduliuotės sugerties (Figure 3.1a) bei fokusavimo dėmės 

dydžio, buvo suformuoti skirtingos morfologijos dariniai. Nesant pluošto 

persidengimui, bangos ilgio mažinimas ir, atitinkamai, sugerties didinimas, 

žemina sluoksnio modifikacijos slenkstį nuo 7,5 nJ (0,4 J/cm2) ties IR iki 
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0,3 nJ (0,109 J/cm2) ties UV impulsais. Naudojant pagrindinę lazerio 

harmoniką (1H, 1030 nm), ryškiausiai pasireiškia poliarizacijos nulemtas 

darinio elipsiškumas (Figure 3.1c). Skirtingos sugerties spinduliuotė lemia ir 

darinių aukštį – naudojant 1030 nm suformuojami daug žemesni gumbeliai 

(150-180 nm aukščio) nei su kitais bangos ilgiais (300-400 nm aukščio). 

Kūginės struktūros su 1H net nesiformuoja, o antenose gaunamas tik nedidelis 

150 nm aukščio iškilimas, kai tuo tarpu ties 515 nm ir 343 nm suformuojama 

aukšta, 700-750 nm aukščio smailė. Ištyrus mažiausią pasiekiamą gardelių 

periodą nustatyta, jog naudojant 1H impulsus neišabliavus suformuojami tik 

0,8 µm periodo masyvai, o su žemesniais bangos ilgiais gaunamos 0,5 µm ir 

0,45 µm periodo gardelės. Taip pat aukštesnės harmonikos naudojimas lemia 

platesnį formavimo energijos įtėkio diapazoną, kuris nuo 0,15 J/cm2 ties 

1030 nm padidinamas iki 0,4 J/cm2 ties 343 nm, o tai leidžia tiksliau valdyti 

darinių struktūrinius parametrus (Figure 3.2a-b). Skirtingais bangos ilgiais 

suformuotų gumbelių spektrinio atsako palyginimas (Figure 3.3) parodė, jog 

šis parametras didelės įtakos rezonansams neturi, tačiau trumpesni bangos 

ilgiai turi pranašumą dėl mažesnių periodų formavimo galimybių, kai 

sustiprinama plazmoninė sąveika. Apibendrinant, mažinant fs lazerio bangos 

ilgį žymiai padidėja aukso nanodarinių formavimo tikslumas ir 

universalumas, nes sumažėja modifikacijos slenkstis ir išplečiamas formacijos 

diapazonas bei sudaromos galimybės pagaminti mažesnio periodo masyvus, 

tinkamus efektyvesniam plazmoniniam žadinimui. 

Poskyris 3.1.2. Energijos ir periodo sąveika valdant nanodarinių 

morfologiją. Šis poskyris paremtas straipsnio [P2] dalimi. Norint tiksliai 

valdyti plazmonines struktūras, būtina įvertinti ne tik lazerio, bet ir bandinio 

įtaką formavimo režimams. Nors DLW atveju morfologiją iš esmės lemia 

pavienio impulso energija, periodiniuose masyvuose svarbiais veiksniais 

tampa ir gardelės periodas bei impulsų persidengimas. Formuojant 

nanodarinius skirtingo storio (25-100 nm) aukso dangose, nustatyta, kad 

didėjant sluoksnio storiui, tai pačiai morfologijai pasiekti reikalinga vis 

didesnė impulso energija. Gumbelių ir kūgių formos visuose tirtuose storiuose 

išlieka panašios, tačiau antenų forma stipriai priklauso nuo dangos – plonuose 

sluoksniuose susidaro itin siauros ir aukštos antenos, o storėjant dangai 

formuojasi plačios antenos ant kūginio pagrindo (Figure 3.4a-b). Skerspjūvio 

analizė (Figure 3.4c-e) bei temperatūriniai modeliavimai (Figure 3.5) 

patvirtina, jog gumbelių formavimosi metu danga deformuojama išlaikant 

pastovų storį visame darinyje, o kūgiai ir antenos formuojasi dėl metalo 

išlydymo, kai vyksta lydalo persiskirstymas. Mažinant gardelės periodą 

žemiau lazerio pluošto diametro (<1 µm), pasireiškia persidengimo efektas, 

kuris sumažina atitinkamai morfologijai pasiekti reikalingą energiją (Figure 
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3.6) ir lemia struktūrinius pokyčius per vieną morfologinę būseną – iš 

gumbelių į kūgius arba iš kūgių į antenas. Šis efektas siejamas su ankstesnio 

impulso sukeltais mechaniniais įtempiais bei vizualiai nematomomis 

vidinėmis dangos modifikacijomis. Taip pat nustatyta, kad nors energijos 

įtėkio diapazonas darinių formavimui yra ganėtinai platus, sudėtingesnės 

morfologijos antenos nesusidaro itin mažuose perioduose (< 0,6 µm) dėl per 

didelio impulsų persidengimo (Figure 3.7). Apibendrinant, fs lazeriu 

suformuotų metalinių nanodarinių morfologinę raidą lemia impulso energijos, 

dangos storio bei gardelės periodo sąveika, tad tiksli šių parametrų kontrolė 

leidžia pasiekti atsikartojančios ir lengvai valdomos morfologijos darinius. 

Poskyris 3.1.3. Morfologijos ir gardelės periodo poveikis plazmoninio 

spektrinio atsako valdymui. Šis poskyris paremtas straipsniu [P3] bei 

straipsnio [P2] dalimi. Tikslus nanodarinių struktūrinių parametrų valdymas 

sudaro pagrindą tikslingai optinių savybių bei plazmonų rezonansų kontrolei 

plačiame spektre. Visų tirtų morfologijų spektruose stebimi trys pagrindiniai 

rezonansai: vienas s-poliarizacijoje (m = ±1 difrakcinės eilės) ties bangos 

ilgiu, atitinkančiu periodą, bei du p-poliarizacijoje (m = −1 ir m = +1 

difrakcinių eilių). Nustatyta, kad plazmoninių gardelių spektrinis atsakas yra 

stipriai priklausomas nuo nanodarinių formos (Figure 3.8) – pereinant nuo 

gumbelių prie kūgių ir antenų, stebimas m = −1 difrakcinio rezonanso 

poslinkis į ilgesnių bangų sritį, kuris siejamas su neplokštuminės (angl. out-

of-plane) modos sužadinimu (Figure 3.8c-d), stipriai priklausančios nuo 

struktūros aukščio. Tuo pačiu, kintant formai, vyksta ir nuoseklus visų 

rezonansų platėjimas, kol antenų masyvuose stebimas itin išplitęs ir 

susilpnėjęs rezonansas, aiškinamas padidėjusiu struktūrų nevienodumu ir 

dideliu darinių aukščio pasiskirstymu. Didžiausiais kokybės faktoriais (Figure 

3.9) pasižymi gumbeliai, žadinantys siaurus ir gilius rezonansus (Q-faktorius 

apie 40, MQ-faktorius apie 15). Kadangi gardelės periodas lemia plazmoninės 

sąveikos stiprumą, šio parametro keitimas viena ašimi leidžia suformuoti 

išabliuotas 1D bei efektyvias modifikuotas kvazi-1D gardeles. Pastarosios, 

nors turi 2D geometrinį išdėstymą, tačiau pasižymi 1D gardelės spektriniu 

atsaku – stebima tik viena aukštos kokybės rezonansinė smailė (Figure 3.10), 

susijusi su pagrindiniu gardelės periodu. Lyginant su 2D simetrine gardele, 

šiuo atveju eliminuojami pašaliniai rezonansai, atsirandantys nuo difrakcijos 

įstrižainėje, bei taip užtikrinamas tikslus ir aukštos kokybės (Q-faktorius iki 

90, MQ-faktorius iki 25) rezonansas (Figure 3.11), visiškai eliminuojant kelių 

smailių persidengimo tikimybę. Apibendrinant, lazeriu suformuotų 

nanodarinių gardelių plazmoninės savybės yra susijusios tiek su atskirų 

struktūrų morfologija, tiek su bendra gardelės geometrija, o keičiant šiuos 
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parametrus valdoma rezonansų spektrinė padėtis, jų kokybė ir išskiriamos 

pavienės praktiniams taikymams tinkamos smailės. 

Poskyris 3.1.4. Simetrinėse gardelėse žadinamų rezonansų kampinis 

valdymas ir modeliavimas. Šis poskyris paremtas straipsniu [P4]. Nors 

morfologija ir periodiškumas apibrėžia gardelių vidines plazmonines savybes, 

tačiau jų optinis atsakas gali būti nulemtas ir žadinimo geometrijos. Dvimatėse 

gardelėse optinį atsaką lemia kūginė difrakcija, todėl egzistuoja keletas 

žadinimo kanalų aukštos simetrijos kryptimis, apimančiomis pagrindines bei 

įstrižaines ašis. Simetrinėse gardelėse žadinimas vyksta kritimo plokštumoje 

(PI), jai statmenoje plokštumoje (PP) bei dviejose įstrižinėse plokštumose 

(DP), o priklausomai nuo to realizuojamas 1D-tipo difrakcinis (PI ir PP atveju) 

arba 2D-tipo difrakcinis (DP atveju) plazmoninis žadinimas (Figure 3.12). 

Azimutinis bandinio sukimas keičia gardelės simetriškumo ir žadinimo 

kryptis ir, tuo pačiu, lemia žadinimo pobūdžio pasikeitimą iš 1D į 2D, arba 

atvirkščiai. Tolygiai keičiant azimutinį kampą (Figure 3.13a-d), pasiekiamas 

dinaminis spektrinis valdymas, pasireiškiantis rezonansinių smailių skilimu ar 

susiliejimu, taip pasiekiant efektyviausią sąveiką pagrindinėse gardelės ašyse. 

Teorinė analizė patvirtina hibridinę rezonansų prigimtį, kai s-poliarizacijos 

spinduliuotė sukelia simetrišką plokštuminės modos žadinimą su tolygiu EM 

lauko stiprinimu darinio kraštuose, o p-poliarizacija sužadina tiek 

neplokštuminę modą su lauko stiprinimu viršūnėje, tiek plokštumines modas, 

pasižyminčias asimetriškais lauko stiprinimais darinio kraštuose (Figure 

3.13e). Atliekant dvigubą kampinį valdymą ir vienu metu keičiant azimutinį 

bei spinduliuotės kritimo kampus, įvedamos papildomos plazmoninių 

rezonansų derinimo galimybės dar platesniame spektre (Figure 3.14) bei 

padidinamas jautrumas azimutiniam poslinkiui. Vis dėlto aukščiausia 

rezonansų kokybė pasiekiama kai žadinimo plokštuma sutampa su didelės 

simetrijos gardelės kryptimis (0°, 45°, 90°). Apibendrinant, DLW metodu 

pagamintos simetrinės gardelės pasižymi sudėtingu, tačiau plačiame Vis-NIR 

ruože valdomu spektriniu atsaku, kuris gali būti koreguojamas net keliais 

nepriklausomais parametrais, taip užtikrinant žadinimo efektyvumą. 

Poskyris 3.1.5. Pagrindiniai skyriaus rezultatai. Šiame skyriuje aprašytas 

tiesioginio lazerinio rašymo kaip didelio našumo ir vienažingsnės metodikos 

taikymas periodinių aukso nanodarinių gamybai. Keičiant formavimo 

parametrus (lazerio bangos ilgį, impulso energiją, dangos storį, gardelės 

periodą ir impulsų persidengimą), buvo pagaminti masyvai, žadinantys 

hibridinius plazmoninius rezonansus, ir išsamiai ištirtos jų formos bei 

plazmoninių rezonansų kontrolės galimybės. Taip pat atlikta išsami analizė, 

pagrindžianti simetrinėse gardelėse žadinamų rezonansų kilmę. Tai suteikia 

tvirtą pagrindą tolesniems tyrimams, susijusiems su praktiniu gardelių 
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taikymu. Remiantis šiais rezultatais, buvo suformuluoti pirmieji trys ginamieji 

teiginiai. 

Lazeriu pagamintų plazmoninių nanodarinių gardelių funkcinės savybės 

Poskyris 3.2.1. Morfologiškai valdomos platformos SERS signalo 

stiprinimui. Šis poskyris paremtas straipsniu [P5]. Užtikrinus tikslią 

nanodarinių ir jų žadinamų plazmoninių savybių kontrolę, šiame skyriuje 

pereinama prie taikomųjų plazmoninių platformų kūrimo. Paviršiumi 

sustiprinta Ramano spektroskopija (SERS) yra viena pagrindinių plazmoninių 

struktūrų panaudojimo sričių molekulių detekcijai. Skirtingos morfologijos 

nanodariniai buvo suformuoti ant skirtingo storio (50-200 nm) aukso dangų. 

Kaip išnagrinėta 3.1.2 poskyryje, dangos storinimas iki 100 nm priveda prie 

storesnių antenų formavimosi, tačiau šiuo atveju ištirtas papildomas storio 

didinimas virš 175 nm sukelia dangos sluoksniavimąsi ir pakartotinį plonų 

antenų formavimąsi (Figure 3.15a). Matuojant SERS atsaką, iš 4-MBA 

monosluosknio stebimas dviejų pagrindinių charakteringų Ramano juostų ties 

1074 cm-1 ir 1589 cm-1 stiprinimas. Signalo intensyvumas stipriai priklauso 

nuo darinių formos – pussferių gumbelių masyvuose stebimas mažiausias 

stiprinimas (stiprinimo faktorius EF yra 105 eilės), kūgiuose EF padidėja iki 

106 eilės, o smailose antenose pasiekiamas net 1,83×107 stiprinimo faktorius 

(Figure 3.16a-d). Atliktas masyvo skenavimas (Figure 3.16e) parodė, jog šis 

stiprinimas yra atsikartojantis ir pasiekiamas nuo kiekvienos periodinės 

struktūros. Teorinis modeliavimas patvirtino, jog lokalaus EM lauko 

stiprinimas antenose yra bent 2 kartus didesnis nei kūgiuose dėl kelių karštųjų 

taškų susidarymo smaigalio viršūnėje bei jų tarpusavio sąveikos. Skirtingo 

storio dangose formuojamos antenos taip pat pasižymi optimalia forma 

efektyviausiam žadinimui – maksimalus stiprinimas stebimas 125 nm ir 

150 nm storio dangose, kur EF siekia 2,73×107 (Figure 3.17a-d). Artimojo 

lauko analizė (Figure 3.17e) parodė, jog storesnis antenos smaigalys leidžia 

efektyviau sužadinti kelis karštuosius taškus, o tai plonose antenose (50 nm 

bei 200 nm storiuose) nepasiekiama. Apibendrinant, DLW būdu pagamintos 

nanodarinių gardelės gali būti sėkmingai naudojamos kaip SERS platformos, 

kurių efektyvumą lemia darinių morfologija, o didžiausias stiprinimas šiam 

taikymui pasiekiamas naudojant aštrias antenas su storesniais smaigaliais. 

Poskyris 3.2.2. Bimetalinės nanogumbelių gardelės lūžio rodiklio 

jutikliams. Šis poskyris paremtas straipsniu [P6]. Praeitame poskyryje 

nagrinėtos SERS charakteristikos atspindi pavienių nanodarinių atsaką, tuo 

tarpu periodiniai masyvai, pasižymintys dispersinėmis savybėmis bei siaurais 

spektriniais rezonansais, tinkami ir lūžio rodiklio jutimo tyrimams. Siekiant 

pagerinti jutiklių savybes bei atsparumą aplinkos poveikiui, buvo pritaikyta 
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dvisluoksnė medžiagų kombinacija ir atlikti gryno aukso (Au), gryno sidabro 

(Ag) bei bimetalinės Ag-Au dangos gardelių tyrimai matuojant įvairios 

koncentracijos glicerolio tirpalus. Nustatyta, kad visi bandiniai jautrūs 

aplinkos lūžio rodiklio pokyčiams (Figure 3.18), kai didinant skysčio 

koncentraciją stebimas rezonansų poslinkis į raudonąją spektro sritį (2-3 nm 

poslinkis padidėjus glicerolio koncentracijai per 1,7%). Skirtingos prigimties 

difrakciniai rezonansai pasižymi besiskiriančiomis dispersinėmis savybėmis, 

tačiau išlaiko tiesinę bangos ilgio priklausomybę nuo lūžio rodiklio, o 

didžiausiu 870 nm/RIU jautrumu pasižymi m = −1 smailė. Visų metalo 

konfigūracijų bandiniai pasiekia didesnį nei 800 nm/RIU jautrumą, o 

bimetalinė gardelė pasižymi tarpinėmis rezonansų kokybės vertėmis 

(prastesnėmis nei Ag, bet geresnėmis nei Au) ir yra praktiškiausia dėl apjungto 

stipraus plazmoninio atsako bei atsparumo oksidacijai. Ag-Au gardelėms 

nustatyta aptikimo riba siekia 0,0013 RIU, kas atitinka išskiriamą 1 nm 

poslinkį spektre. Kadangi difrakcinės kilmės rezonansai priklauso nuo 

spinduliuotės kritimo kampo (Figure 3.19), papildomai ištyrus šio parametro 

įtaką nustatyta, jog skirtingos prigimties smailėms galima padidinti jautrumą 

iki 933 nm/RIU, o efektyvumo rodiklį (FOM) iki 57 RIU-1. Vis dėlto, 

skirtingoms matavimo sąlygoms reikalingas tinkamas smailių pasirinkimas: 

s-poliarizacijos rezonansai yra priimtinesni mažuose kampuose dėl didesnio 

efektyvumo rodiklio, o p-poliarizacijos neigiamos difrakcinės eilės rezonansai 

tampa pranašesniais ties didesniais kritimo kampais. Jutiklio rezultatų 

patikimumas, atkartojamumas bei platformos patvarumas buvo patvirtintas 

atliekant pakartotinius matavimus po pusės metų, kai jautrumo vertės ir 

charakteristikos išliko nepakitusios. Apibendrinant, DLW būdu suformuotos 

gumbelių gardelės gali būti taikomos kaip stabilūs ir jautrūs lūžio rodiklio 

jutikliai, demonstruojantys aukštas jautrumo vertes. 

Poskyris 3.2.3. Pagrindiniai skyriaus rezultatai. Šiame skyriuje aprašytas 

DLW technologija pagamintų gardelių praktinis taikymas. Tiksliai valdant 

suformuotų darinių morfologiją bei medžiagų kompoziciją, pagamintas 

platformas galima panaudoti konkretiems taikymams – tiek SERS analizei, 

tiek lūžio rodiklio jutikliams, ir pasiekti aukštas jautrumo, efektyvumo bei 

stiprinimo faktoriaus vertes. Antenų morfologijos optimizavimas leidžia 

SERS stiprinimą padidinti iki 107 eilės, suteikiant potencialo vienmolekulinei 

detekcijai, o gumbelių masyvai demonstruoja patikimumą RI analizei su 

jautrumu, viršijančiu 850 nm/RIU. Tai parodo, jog DLW būdu pagamintos 

gardelės yra patikima ir lengvai pritaikoma alternatyva kompaktiškoms ir 

bežymenėms detekcijos platformoms. Remiantis šiais rezultatais, buvo 

suformuluotas paskutinis ginamasis teiginys 
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PAGRINDINIAI DISERTACIJOS REZULTATAI IR IŠVADOS 

Šiame darbe pateikta išsami femtosekundinio tiesioginio lazerinio rašymo 

analizė, atskleidžianti metodo galimybes vienažingsniam ir lengvai keičiamos 

metodikos procesui, skirto tauriųjų metalų dangų nanoinžinerijai, siekiant 

suformuoti didelių plotų plazmonines gardeles. Keičiant lazerio parametrus, 

medžiagų konfigūracijas ir gardelių geometriją, pademonstruota tiksli 

hibridinių plazmonų rezonansų kontrolė, kuri gali būti efektyviai taikoma 

pažangiose analitinėse sistemose. 

Pagrindiniai rezultatai ir išvados, pagrindžiantys ginamuosius teiginius: 

• Sumažinus lazerio bangos ilgį nuo 1030 nm iki 343 nm, padidėja plonų 

aukso dangų sugertis, todėl sumažėja modifikacijos slenkstis (iki 

0,1 J/cm2) ir išplečiamas morfologinio valdymo energijos įtėkio 

diapazonas (iki 0,4 J/cm2). 

• Sumažinus lazerio bangos ilgį nuo 1030 nm iki 343 nm, sumažėja 

sufokusuoto pluošto skersmuo, o tai leidžia pagaminti submikroninių 

periodų (0,45 µm) gardeles, kurių neįmanoma pasiekti su IR spinduliuote. 

• Impulso energijos didinimas keičia pavieniais fs lazerio impulsais 

suformuotų nanodarinių morfologiją – nuo pussferių gumbelių iki smailių 

antenų, o metalo dangos storinimas lemia didesnių struktūrų formavimąsi. 

• Nanodarinių morfologiją galima valdyti mažinant gardelės periodą žemiau 

lazerio pluošto dydžio, kai pasireiškiantis persidengimo efektas sumažina 

sluoksnio modifikacines ribas dėl sukeltų vidinių dangos modifikacijų. 

• Rezonanso padėtis spektre ir jo kokybė stipriai priklauso nuo darinių 

morfologijos, nes sužadinama neplokštuminė (angl. out-of-plane) 

plazmoninė moda, priklausanti nuo struktūrų aukščio. 

• Gardelės, kurių periodas vienoje ašyje yra žymiai mažesnis nei kitoje, 

sudaro kvazi-1D masyvus, turinčius 2D geometriją, tačiau pasižyminčius 

1D spektrinėmis savybėmis dėl eliminuojamo įstrižinio sužadinimo. 

• Simetrinėse 2D gardelėse rezonansų spektrinė padėtis bei sąveikos 

efektyvumas priklauso nuo azimutinio ir kritimo kampų reguliavimo 

didelės simetrijos ašyse, o tai leidžia tolygiai valdyti rezonansą visame Vis-

NIR diapazone. 

• Iš visų DLW pagaminamų struktūrų, didžiausiu stiprinimo faktoriumi 

pasižymi antenos, sukuriančios karštuosius taškus viršūnėse, kurie gali būti 

dar sustiprinami optimizuojant metalo dangos storį (150 nm), taip 

pasiekiant 2,73×107 stiprinimo faktorių. 

• Bimetalinė Ag-Au konfigūracija sujungia abiejų metalų privalumus ir 

sudaro platformą periodinių gumbelių pagrindu veikiantiems 
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plazmoniniams RI jutikliams, pasižyminčią atsparumu aplinkos poveikiui, 

stabilumu bei aukštu jautrumu (virš 850 nm/RIU), kuris papildomai gali 

būti padidintas taikant kampinį valdymą (iki 933 nm/RIU). 
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subrendo antraisiais studijų metais, kai pasirodė net du autoriniai straipsniai. 

Nuo tada nusistovėjo stabilus darbo ritmas ir kas 8-9 mėnesius „gimdavo“ po 

naują autorinį straipsnį. Antrieji metai taip pat buvo kupini pažinčių, gausiai 

keliaujant po konferencijas tiek Lietuvoje, tiek ir užsienyje. Tretieji metai 

pasižymėjo stažuotėmis, kai už Lietuvos ribų buvo praleisti beveik 2 mėnesiai. 

Na, o paskutiniais metais, šalia disertacijos rašymo, dar spėta pasimėgauti 

paskutinėmis studentiškomis konferencijomis. Noriu pasidžiaugti, jog ši 

disertacija ir jos rezultatai buvo pasiekti ne užsidarius vienoje vietoje, o tarp 

skirtingų laboratorijų, tyrėjų, konferencijų salių ir klaidžių oro uostų. 
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