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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



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. Toinvestigate 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 2.73x107, 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]:
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where 7 is the electron number density, e is the electron charge, &) 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]:
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where ¢, and ¢4 are the dielectric constants of the metal and the surrounding
dielectric medium, respectively, and Vyp 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(em(w)) = —xeqa(w), (3)

where y 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]:
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where kspp and ko are the SPP and the incident light wavevectors.
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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. ¢) 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 kgpp =
ko\/asin& 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]:
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where 6 is the angle of incidence, 7 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]:
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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].
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Figure 1.2. Metallic nanostructure fabrication methods: a) EBL and FIB, b) Soft
nanoimprint lithography, c¢) LIFT, d) LIPSS, and ¢) 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 1.2¢). 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 1.2¢). 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 MoS, and WS,, 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 MoS;, [118, 119] and WS, [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
25 94 [P2]
50 188 [P1]-[P3],[P5],[P6]
Au 75 283 [P2], [P5]
100 377 [P2],[P4],[P5]
125, 150, 175, 472, 566, 660, (P5]
200 755
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 M?> 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.

b) ND
filter
Dichroic

mirror
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Dichroic  fijter
mirror
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b = 100 Attenuator

v s 2 =100 mm Buittin

Beam reducer Beam Y ' It- %
& D educ pulse picker
> f=50 mm reducer A 780 f

Ob};ee’c‘:sve Objective
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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
M? 1.1 | 107 | 1.06
Base rep. rate 100 kHz
Pulse pickerrep. | 7y, 7 kHz 7 kHz / 20 kHz
rate
Mitutoyo Plan

Objective Mitutoyo Plan Apo NIR 100x Apo NUV 100x

F db
octse . cam 2.2 um 1.1 pm 0.8 um
spot size

Pulse energy 7.5-10n] 0.2-19n] 0.3-4.0nJ

0.4-0.507 0.043-0.4 0.126 — 1.68

Fluence

J/em? J/em? J/em?
Scanning speed 0.7 — 14.7 mm/s
P1], [P2], [P4]-
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=5"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 2.2¢).
The periodic square-shaped arrays of 100x100 um? dimensions were
fabricated for structural analysis and SERS measurements, while larger arrays
(3x3 mm?) 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
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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 ImagelJ 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: ¢ = 0°, when the plane of incidence
(PD) is parallel to the laser scanning lines (Figure 2.3a), and ¢ = 90°, when the
PI is perpendicular to the laser scanning lines (Figure 2.3b). Additional
azimuthal rotation from ¢ = 0° to ¢ = 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:

ATES
F = 8
OF = wvmm (8)

where A, 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:

Ares h
= Lo' 9)
FWHM -100%
where / 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

MQF

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.

2 mm rin o,
N, _—aperture’ 9=0°
4 i Plane of incidence

Laser scanning lines

2 mm ring ©=90°

& Depth
% aperture +
&\

Reflectance (%)

i Plane of incidence

iA iA

Wavelength (nm)

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

azimuthal angles. ¢) 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 um 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 pm
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 8= 8°, 15°, 30° and
azimuthal angles of ¢ = 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 N, 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/m®) 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™. During SERS measurements, the beam was focused to a 1.2 pm
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 5x5 um?
surface area with a step of 1 um.

One of the main parameters used in SERS, an enhancement factor (EF),
was calculated using the formula:

EF = Isgrs NR’ (10)

Ig - Nsggrs
where Iz and Isgrs are the intensities of Raman and SERS spectral bands, while
Nr and Nsggs 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:
Np = Vg Cr- Ny (11)
where N, is the Avogadro constant, Cr is the analyte concentration, and Vz 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 8.38x107'7 m?, resulting in
an excited-molecule count of 1.26x10'° in the Raman measurements.
Meanwhile, for SERS measurements, the laser beam was focused to a
1.2 pm-diameter spot on the surface, corresponding to a 1.13 pm? spot area.
The gold nanostructure grating surface was covered with 4-MBA molecules
at a density of 5x10%mol/m? 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 Nsgrs =
3.404x10°<R. The roughness factor R was calculated from the following
formula:

R = ;real (12)
geom

where Seq 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 pm?). The
illuminated structure area S,.s was determined from SEM images by
calculating surface areas of bumps, cones, and jets. This calculation method
is depicted in Figure 2.4b.
a) 8.8, tBurSuw) D) Sl 2’_‘T‘r.r‘;hs+

T+ (14 ),

=171l
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S

Figure 2.4. a) Calculation of real irradiated surface area. Geometrical area Sgeom is the
spot size into which the beam is focused. Syue- is the area under the structure (base
area), while Syvcure 15 the surface area of the structure. b) Calculation of the structure
surface area. The subscript ¢ 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.
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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.
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Measurements were performed using five liquids: ultrapure water and four
different concentrations of glycerol in water. Ultrapure water (resistivity
18.2 MQxcm 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 (655 = 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% (1655 = 1.3339),
3.4% (nsss = 1.3364), 5.1% (nsss = 1.3389), and 6.8% (nsss = 1.3414) glycerol
solutions. For additional limit of detection (LoD) measurements, glycerol
solutions of 0.84% (nsss = 1.3327), 0.4% (nsss = 1.332), and 0.2% (nsss =
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:

Alres

§=—=, 13
A (13)

where A4, is the change in resonant wavelength, and Ar 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:

(14)
FWHM
A higher FOM indicates a greater sensing performance, as it reflects both

FOM =

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

. A DVANCED
ICAL

INSIDE FRONT COVER:

Kernius Vilkevicius, George D. Tsibidis, Algirdas Selskis, Emmanuel
Stratakis, Evaldas StankeviCius, Formation of Highly Tunable Periodic
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. Vilkevi¢ius, A. Selskis, and E.
Stankevicius.

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 um,
1.1 um, and 0.8 pum diameter spots at 1030 nm, 515 nm, and 343 nm,
respectively. Nanostructure arrays with periods up to 2.2 um were initially
produced to avoid beam overlap, but the structures remained uninfluenced
even at 1.2 um distances, so only periods below 1.3 pm were studied in-depth.
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Figure 3.1. a) Optical loss spectra of a 50 nm thick gold film. b) SEM mlcrographs
of gold nanostructures in 1.2 pm period gratings fabricated with (i) 1030 nm, (ii)
515 nm, and (iii) 343 nm. ¢) 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/cm?) at IR to
0.55nJ (0.117 J/cm?) at visible, and to 0.3 nJ (0.109 J/cm?) at UV beam. At
larger periods (1.2 pm), 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 pum 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 pm are achievable using 1H, whereas for
2H the period can be reduced to 0.5 um, and for 3H to 0.45 um or 0.4 um.
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/cm?, with a narrow modification range of
0.15 J/cm?. By increasing laser harmonics, the modification threshold is
greatly reduced to 0.1 J/em?, and the modification range is expanded to
0.2 J/em? at 515 nm and 0.4 J/cm? 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/cm?, the
diameter at the 1.3 um period is approximately 850 nm, increasing to 950 nm
at the 0.9 um 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
3.2¢) 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 um due to
beam overlap. By transitioning from 1H to 2H and 3H, bumps are produced
at fluence ranges with widths of 0.067 J/cm?, 0.083 J/cm?, and 0.127 J/cm?.
Cones are produced only with 2H and 3H in fluence range widths of
0.021 J/cm? and 0.055 J/cm?, 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. ¢)
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 pm-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.

100 100
N R R RE R R W = =
d)% SE 9)904_ p-polarization
B0+ 80+ s
= 70t ~ 704
& *
‘© B0+ P 60
Q o
é 50+ § 504
= 401 g 40
@ @
5l . e 30 4 B
QF=43.00 MQF=7.14 QF =29.31 MQF = 4.46
LR QF =35865 MQF =7.01 - 20+ QF =3244 MQF =3.95 A
10 QF=3968 MQF=8.82 ] 104 QF=3400 MQF=896 |
0 —————— H——————
400 500 600 700 BOO 900 1000 1100 1200 1300 1400 1500 1600 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Wavelength (nm) Wavelength (nm)

Figure 3.3. SEM images of 1 um-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. Vilkevicius, G. D. Tsibidis,
A. Selskis, E. Stratakis, and E. Stankevicius.

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.

250 nm w. ey

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 ¢) 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 um spot, so
a period-independent morphological investigation was performed at 1 pm
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
0.3nJ, 0.75nJ, 1 nJ, and 1.25 nJ for the same thicknesses, while the jets are
obtained from the energies of 0.4nJ (25nm), 0.95nJ (50 nm), 1.25n]
(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 us 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¢).
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Flgure 3. 6 a) Morphology dependence on perlod 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/ecm?) pulses. ¢) 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 um at non-overlapping 1.1 um periods and 0.9 um
at highly overlapping 0.7 um periods) than the calculated focused Gaussian
beam spot size of 1.1 um. 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.
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Figure 3.7. a) Squared lateral size dependence on the natural logarithm of laser pulse
energy for different film thicknesses. Linearly approximated data is fora 1 pm period.
Morphological phase-transition fluence thresholds (lines) and each morphology
formation range (colored areas) for different film thicknesses of b) 25 nm, ¢) 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 um 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. Vilkevi¢ius, K. Cepaitis, A. Selskis,
and E. Stankevicius; and on part of the results published in [P2]: Advanced
Optical Materials, 12 (20), 2400172, 2024, by K. Vilkevicius, G. D. Tsibidis,
A. Selskis, E. Stratakis, and E. StankevicCius

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 pm
period on a 100 nm thick Au for a) s-polarization and b) p-polarization. Numerically
calculated reflectance spectra for ¢) bump and d) cone arrays of 1 pm period. The
insets show the near-field profile of the investigated peaks.

In this study, large-scale (3x3 mm?) arrays were fabricated and prepared
for optical measurements using a spectrophotometer. For shape-influenced
properties, 1 pm 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 ¢ = 0° for s-polarization and at ¢ = 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.
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Figure 3.9. Measured resonant peak a,b) Q-factor and ¢,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 um period, an asymmetric 2D array of bumps
with 0.5 pm in-line and 0.8 um perpendicular periods, and a 1D array of
ablated lines with a 1 um 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, ¢, and
at three AOIs, 6. 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 ¢ = 0°, p-polarization
response only at ¢ = 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.
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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.

m+1 m+1 m-1
me- -0 - —e— Quasi-1D

» . -»— 20 “main”
e |- o - —e— 2D “shifted”
100 T T T I | '

904 1 2s1b) MQ= Ares* h
1 Ad - 100%
80+ e,
20+
704+ |
= S
o -
== 60 1 © 15+
8, -2
T 504 ] 4
o® g
10+
401 )
L] ‘N i o
30+ g . ? s
56 x '! & .
=:8 s
10 : : I s S : |
10 15 20 25 30 5 10 15 20 25 30
Incident angle (°) Incident angle (°)

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. Vilkevicius, L. A.

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 um period for s- and p-polarization at ¢ = 0° (black line), 45° (red), and 90° (blue)
angles. Reflectance spectra of ¢) main-lattice (1 pm) resonances at ¢ = 0°/90° and d)
diagonal-lattice (V2 pm) resonances at ¢ = 45°, with attributed origins of the peaks
determined from the theoretical diffraction grating model.

1400

For this investigation, 3x3 mm? 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 um 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 (8 = 8°), the observed resonances (Figure 3.12b) can be
classified into primary (E,r) resonances, which appear at longer wavelengths
(850-1200 nm), and secondary (E) 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
(p) orientation. At high-symmetry angles (¢ = 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 ¢ = 45°, the
main excitation transitions from the principal lattice of 1 pm to a diagonal
lattice with an effective period of \2 um. 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 pm and V2 um 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;x1) 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.
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Figure 3.13. Reflectance spectra of a gold nanobump grating at azimuthal angles
from ¢ = 0° to 90° with a step of 15° for a) s- and b) p-polarization. Resonant
wavelength change of ¢) primary and d) secondary resonances in the polar coordinate
system. e) Simulated near-field enhancement of s- and p-polarization response at ¢ =
0° and 45° azimuthal angles.

A more in-depth analysis of the influence of azimuthal rotation was
performed by measuring reflectance over the range ¢ = 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 wvalidate 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 (¢ = 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 (¢ = 0°, 15°, 75°, and 90° for primary E,
and ¢ = 30°, 45°, and 60° for secondary E resonances). This angular control
affects the sensitivity of the peaks to changes in ¢, as larger incidence angles
yield steeper dispersion curves. Qualitative analysis of the MQ-factor (Figure
3.14¢-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 (¢ =
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0°, 45°, and 90°). For example, under s-polarization, the highest MQF values
occur at ¢ = 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 ¢ = 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.
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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:

e 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.

e 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.

e QGrating-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
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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. Vilkevicius, I. Ignatjev, A. Selskis, G.
Niaura, and E. Stankevicius.

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 100x100 um? 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.
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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™ and 1589 cm™ (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 um spot with a mapping area of 5x5 um?. 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.
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Figure 3.16. a) Raman intensity spectra and b) corresponding SEM images of
different morphology structures on a 100 nm gold thick film. ¢) Enhancement factor
dependence on the structure shape for two characteristic bands of 4-MBA. d) SERS
intensity mapping of the 1589 cm™ band. €) 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 3.16¢). 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 1.83x107 at 1074 cm™ and 1.75x107 at
1589 cm™.  Similar 107-order enhancements were also achieved in
energetically close jets; for cones, it reduced to 10°, while bumps and fractured
jets exhibit an EF of only 10°. Although the 1074 cm™ mode is slightly higher
in EF, the 1589 cm™! 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.

Au Isers, [cps] EF
Mo thickness 1074 cm™ 1589 cm” 1074 em” 1589 cm”!
@) 100nm 6891 5265 1.83x107  1.75%107
@4  125mm 7363 7266 1.86x107  2.30x107
() 150 nm 11811 8531 273x107  2.46x107

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 10°-
order signal amplification. The mappings (Figure 3.17d) also display that the
signal recurs periodically within these structures.
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Figure 3 17 a) Raman 1nten51ty spectra and b) corresponding SEM 1mages of
different jet-like structures on various gold thick films. ¢) 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! 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 3.17¢),
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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), 01199, 2025, by K. Vilkevi¢ius, T.
Rakickas, and E. Stankevicius.

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 um 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 3x3 mm? 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.
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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 1) 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-1) 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.

Figure of merit (FOM), [RIU"]

Sample
m=z1 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 384+1.7 29.9+0.5 242 +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.
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Despite the angular shift, the platform maintains a linear response to RI
changes, with a 2-4nm resonant wavelength increment as glycerol
concentration increases by 1.7% (Figure 3.19¢). 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"!. 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.

Sensitivity, [nm/RIU] FOM, [RIU]
Angle
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 ¢) 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" 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 Rl-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:

e 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 2.73x107,
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:

e 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/em?) and expanding morphological tuning over a broader fluence
range (0.4 J/cm?).

e 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.

e 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.

e 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.

e 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.

e 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.

e 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.

e Among DLW-produced morphologies, needle-like jets provide the largest
enhancement factor, as the sharp tip creates a hot spot that can be further
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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

IVADAS

Plazmoniniai mikro- ir nanodariniai per pastaruosius deSimtmecius
sulauké didelio susidoméjimo dél jy gebéjimo lokalizuoti §viesa ir sustiprinti
elektromagnetinius (EM) laukus maZesniuose uz bangos ilgi matmenyse,
suzadinant pavirSinius plazmonus (SP) [1-3]. Nors plazmonikos srityje dél
stipraus laisvyjy elektrony atsako pagrinde naudojami taurieji metalai,
plazmonikos struktiiroms gali biiti taikomos ir kitos medziagos — stipriai
legiruoti puslaidininkiy kristalai [4, 5], dvimatés (2D) medziagos [6] bei
laidieji polimerai [7]. Kiekviena medziagy klas¢ remiasi skirtingais
mechanizmais: puslaidininkiuose plazmoniniai reiSkiniai susij¢ su
laisvosiomis skylémis, 2D medziagose — su elektrony ir skyliy sgveika, o
polimeruose — su polaroniniais kriivininkais. Tac¢iau dél sudétingy gamybos
i88tkiy, susijusiy su pastarosiomis medziagomis, taurieji metalai, tokie kaip
auksas (Au) ar sidabras (Ag), iSlicka pagrindinémis medziagomis didelio
efektyvumo plazmoniniams taikymams [8].

Tauriuosiuose metaluose $viesos ir medziagos saveika lemia kolektyvis
laidumo elektrony virpesiai, kurie apibidinami kaip lokalizuoti pavirSiniai
plazmonai (LSP) pavienése nanodalelése bei kaip sklindantys pavirSiniai
plazmony poliaritonai (SPP) metalo-dielektriko sandiiroje. Plazmoninio
rezonanso (SPR) dazniu suzadinti laisvieji elektronai sustiprina krintancios
spinduliuotés sugertj ir sklaidg bei lemia reikSmingg artimojo lauko
sustipréjimg [9]. Tokiy metaliniy dariniy iSdéstymas ] periodines gardeles ant
plony metaliniy dangy sukuria papildomg difrakcinio pobiidzio sarysj,
leidziantj Sioms modoms sgveikauti. Toks rySys lemia LSP ir SPP
hibridizacija, dél kurios sustipréja jy saveika, sumazeja nuostoliai ir pageréja
optinés savybés [10-12].

Sios unikalios savybés atveria pladias taikymo galimybes — nuo terSaly
aptikimo [13], biologiniy zymeny nereikalaujancios biomedicininés
diagnostikos [3, 14] ir aplinkos stebésenos [15] iki fotoniniy jrenginiy [16],
energijos surinkimo sistemy [17] bei nanolazeriy [18, 19]. Stipri EM lauko
lokalizacija struktiirose leidzia kurti jautrias aptikimo platformas ir
kompaktiskus fotoninius prietaisus. Nuolat augant pazangiy analitiniy ir
diagnostiniy technologijy poreikiui, plazmoninés platformos sulaukia vis
didesnio démesio dél didelio jautrumo, greito atsako, tikslumo ir
suderinamumo su integruotomis sistemomis.

Tradiciné tokiy metaliniy plazmoniniy strukttiry gamyba remiasi i§ virsaus
J apacig (angl. top-down) litografijos metodais, kurie daznai derinami su
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metalo nusodinimo ir /ifi-off technikomis [20, 21]. Nors Sie metodai ir yra
tikslts, jy daugiapakopiai procesai ribojami mazu nasumu, didelémis
gamybos sgnaudomis arba ribotu atkartojamumu bei struktiiry kontrole. Todél
tiesioginis lazerinis raSymas (DLW) iSkilo kaip greita, vieno zingsnio ir
ekonomiskai efektyvi alternatyva tokiy dariniy formavimui [22-25].
Ultraspar¢iyjy ~ femtosekundiniy  impulsy  naudojimas  medziagos
struktirizavimui suteikia naujy galimybiy padidinti gamybos sparta bei
pagerinti suformuoty dariniy ir jy savybiy valdyma. Rezonanso padétis,
kokybes faktorius ar artimojo lauko sustiprinimo efektyvumas gali buti tiksliai
reguliuojamas keiciant jvairius technologinius parametrus [26, 27]. Nepaisant
DLW potencialo, §i metodika vis dar susiduria su tam tikrais isSiikiais.
Siekiant uztikrinti stabilias ir atkartojamas dariniy savybes, biitina tiksli
strukttiry kontrolé, o tam reikalinga nuodugni pagrindiniy lazerinés sistemos,
bandinio bei gardelés parametry analizé. Taip pat iki Siol nepakankamai
iStirtas sudétingas daugiakryptis suzadinimas 2D gardelése bei jy gebéjimas
pasizyméti vienmaciy (1D) gardeliy savybémis. Tad Siame darbe nagrin¢jama
tauriyjy metaly nanoinzinerija femtosekundiniu lazeriu bei plazmoniniy
gardeliy formavimas pazangiems plazmoniniams taikymams.

Pagrindinis Sio disertacijos tyrimo tikslas — iStirti ir optimizuoti
morfologiskai valdomy tauriyjy metaly nanodariniy didelio ploto gardeliy
vienazingsng gamyba, naudojant femtosekunding (fs) tiesioginio lazerinio
raSymo technologija, eksperimentiskai ir teoriSkai charakterizuoti jy
plazmonines savybes bei jvertinti pritaikomuma su plazmonika susijusiose
srityse, jskaitant pavirSiumi sustiprinta Ramano spektroskopija (SERS) bei
lazio rodiklio (RI) jutiklius.

Darbo tikslui pasiekti buvo suformuluoti Sie uzdaviniai:

1. Sukurti greita ir lengvai iSpleCiama tiesioginio lazerinio rasymo
metoda, skirtg formuoti dideliy ploty 1D ir 2D gardeles, sudarytas is$
morfologiskai valdomy metaliniy nanodariniy.

2. Istirti nanodariniy morfologijos valdymo galimybes ir optimizuoti
formavimo parametrus, reikalingus skirtingos geometrijos struktiroms
pagaminti.

3. Eksperimentis§kai ir teoriskai charakterizuoti suformuoty gardeliy
plazmonines savybes bei nustatyti jy sary$i su morfologija ir gardelés
simetrija.

4. Istirti periodiniy nanodariniy taikymo galimybes SERS srityje.

5. Istirti periodiniy nanodariniy taikymo galimybes metaliniy
plazmoniniy RI jutikliy srityje.
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Darbo mokslinis naujumas ir aktualumas

Darbe pristatytas ir iSsamiai iStirtas spartus tiesioginio lazerinio raSymo
(DLW) metodas, skirtas plony metaliniy dangy struktiirizavimui ir laisvos
formos ir didelio ploto gardeliy gamybai su bangos ilgio eilés periodais. Siame
tyrime pirmg kartg atlikta detali DLW biidu suformuoty aukso nanodariniy
analizé, istiriant periodo lemiamus morfologinius pokycCius bei impulsy
persidengimo efekto jtaka formavimosi parametrams. Taip pat pirma kartg
pristatytos DLW biidu suformuotos kvazi-1D gardelés, kurios turi dvimate
geometrijg, taCiau pasizymi aukStos kokybés vienmatéms sistemoms
budingomis spektrinémis charakteristikomis. Darbe pateikiama teoriné ir
eksperimentiné simetrinése 2D gardelése suzadinamo plazmony rezonansy
dvigubo kampinio valdymo analizé, atskleidzianti pagrindiniy ir jstrizainiy
difrakciniy gardeliy tarpusavio saveika bei jy jtaka rezonansinéms savybéms.
Galiausiai pademonstruotas metodo potencialas kurti didelio ploto
plazmonines struktiiras, kuiy morgolofija pritaikoma konkrecioms taikymo
sritims: sukurtos kompaktiskos bei didelio nasumo analitinés platformos ltizio
rodiklio matavimams bei SERS detekcijai.

Ginamieji teiginiai

1. Naudojant pastovios NA objektyva, fs lazerio bangos ilgio mazinimas
nuo 1030 nm iki 343 nm tris kartus iSple¢ia nanodariniy formavimosi
energijos jtékio diapazona ir sumazina pasiekiamag gardelés periodg iki
450 nm, o papildomas dangos storio valdymas bei impulsy persidengimo
didinimas leidzia tiksliau valdyti nanodariniy morfologija, sumazinant
modifikacijos slenkst;.

2. 2D gardelése plazmoniniy rezonansy spektrinés savybés priklauso
nuo nanodariniy morfologijos, kai darinio auks$Cio didéjimas lemia
neplokS$tuminio rezonanso poslinkj j didesnius bangus ilgius, o suformuotos
kvazi-1D gardelés slopina jstrizainés rezonansus ir leidzia spektriskai izoliuoti
zadinamas modas.

3. Simetrinése 2D gardelése zadinami rezonansai pasizymi auks$ciausia
kokybe kai jie yra Zadinami i$ilgai aukstos simetrijos aSiy (0°, 45°, 90°), o jy
spektriné padétis visame Vis-NIR (400-1600 nm) diapazone gali bati
koreguojama dvigubu kampiniu valdymu, keiCiant azimutini (0°-90°) ir
spinduliuotés kritimo (8°-30°) kampus.

4. Lazeriu suformuoty plazmoniniy nanodariniy morfologinis valdymas
leidzia koreguoti didelio ploto gardeliy funkcionaluma, pritaikant jj
konkrecioms sritims: aukStos antenos maksimaliai padidina SERS stiprinimo
koeficientg iki 2,73%107, o Ag-Au bimetaliniy gumbeliy gardelés uZtikrina
stabilumg bei koreguojama jautruma vir§ 850 nm/RIU, tinkama RI jutikliams.
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Aprobacija

Disertacija paremta 6 moksliniais straipsniais [P1]-[P6], publikuotais
tarptautiniuose mokslo leidiniuose, indeksuojamuose ir turinciuose
cituojamumo rodiklj Clarivate Analytics Web of Science (CA WoS) duomeny
bazéje. Turimas 1 publikuotas su disertacija susijes lietuviskas patentas [T1].
Taip pat 3 su disertacija tiesiogiai susije¢ rezultatai paskelbti konferencijy
medziagose [P7]-[P9]. Kiti, su disertacija nesusij¢, rezultatai publikuoti 4
tarptautiniuose mokslo leidiniuose, indeksuojamuose ir turinciuose
cituojamumo rodikl] CA WoS duomeny bazéje [OP1]-[OP4] bei 2
konferencijy medziagose [OP5]-[OP6].

Doktorantiros metu su disertacija susij¢ rezultatai pristatyti 26
konferencijose [C1]-[C26], i§ kuriy 13 tarptautinése, 8 nacionalinése
konferencijose bei 5 vasaros mokyklose.

Autoriaus ir bendraautoriy indélis

Autorius savarankiskai atliko didzigja dalj eksperimentiniy tyrimy — nuo
meéginiy paruosimo ir metaly nusodinimo iki lazerinés sistemos derinimo bei
nanodariniy formavimo DLW metodu. Autorius atliko visus kitiems
bendraautoriams nepriskirtus darbus: dariniy charakterizavima, duomeny
analize, teorinius skai¢iavimus bei rezultaty vizualizavima. Autorius parenge
visy [P1]-[P6] publikacijy rankrascius, atsizvelgiant j bendraautoriy pastabas
ir pasitilymus. Taip pat autorius sukiiré tris virSeliy dizainus, kurie buvo
publikuoti zurnaluose kartu su [P2], [P4] bei [P6] darbais.

Dr. Evaldas Stankevicius pasiiilé tyrimo id¢jg ir vadovavo doktorantiiros
studijoms bei atlickamiems darbams. Dr. Algirdas Selskis atliko visus SEM
matavimus. Dr. George D. Tsibidis atliko [P2] publikacijoje skelbiamus
Siluminius modeliavimus, taikant dviejy temperatiry modelj (TTM).
Dr. Emmanuel Stratakis suteiké tyrimy jrangg, reikalingg [P2] publikacijai,
bei konsultavo Siame darbe aprasyty formavimo bei modeliavimo rezultaty
klausimais. Kipras Cepaitis, kuruojant autoriui, atliko [P3] publikacijoje
aprasyty gardeliy gamyba ir jy optinius matavimus. Dr. Lina Grineviciiité
konsultavo [P4] publikacijos difrakciniy gardeliy modeliavimo klausimais.
Doktorantas Lucciano A. Letelier atliko spektrinius ir artimojo lauko FDTD
modeliavimus, naudotus [P4] publikacijoje. Dr. Ilja Ignatjev atliko [P5]
publikacijoje aprasytus SERS matavimus. Dr. Gediminas Niaura konsultavo
[P5] publikacijoje pateikty SERS eksperimentiniy rezultaty klausimais.
Tomas Rakickas paruosé [P6] publikacijoje naudotus skyscius ltizio rodiklio
matavimams bei atliko jy elipsometrinj charakterizavima.
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LITERATUROS APZVALGA

Siame disertacijos skyriuje pateikiama literatiiros apzvalga, susijusi su
disertacijos tyrimais bei metodais.

Poskyris 1.1. Nanofotonikos srities plétra paskatino didelj susidoméjima
Sviesos ir medziagos saveikos valdymu mazZesniuose nei bangos ilgis
mastelivose, o viena i§ svarbiausiy sriiy yra plazmonika. PavirSiniai
plazmonai (SP) yra kolektyviniai laidumo elektrony virpesiai metaluose,
suzadinami elektromagnetine (EM) spinduliuote esant rezonansinéms
salygoms [9]. Jy Zadinimas lemia opting ekstinkcijg bei EM lauko stiprinima,
o tai sudaro pagrindg daugeliui plazmoniniy taikymy. Plazmony rezonansas
(SPR) pasireiskia spinduliuotés sugertimi, kuri priklauso nuo aplinkos
savybiy, plazmoniniy daleliy dydzio, formos, koncentracijos ar sudéties [28-
30]. Dazniausiai plazmoninéms sistemoms naudojami auksas ir sidabras dél
rezonanso pasireiskimo matomosios ir artimosios infraraudonosios (NIR)
spinduliuotés diapazonuose [32].

Poskyris 1.2. Metaliniy nanodariniy optines savybes lemia suzadinamos
plazmoninés modos. Pagrindinés yra lokalizuoti pavirSiniai plazmonai (LSP)
ir pavirSiniai plazmony poliaritonai (SPP), taciau jy saveika lemia
hibridizacija bei naujy mody susidaryma. LSP suzadinami pavienése metaly
nanodalelése, kurios yra mazesnés uz krintancios spinduliuotés bangos ilgj.
Taip EM suzadina kolektyvius elektrony svyravimus visame dalelés tiiryje, o
LSP savybés stipriai priklauso nuo dalelés dydzio, formos, medziagos bei
aplinkos parametry [11, 29]. Antroji SPP moda susidaro metalo-dielektriko
sandiiroje, taciau del SPP ir Sviesos bangos vektoriy nesutapimo, ji negali buti
suzadinta tiesiogiai. Suzadinimui naudojama prizmé, kai dél visiSko vidaus
atspindzio suderinami banginiai vektoriai [33, 35]. Alternatyvus metodas,
kuriam nereikia papildomo elemento, yra difrakcinis suzadinimas, naudojant
perioding gardele metalo pavirSiuje. Tokiy rezonansy charakteristikos
priklauso nuo gardelés periodo, formos bei spinduliuotés zadinimo salygy
[38-40]. Lyginant su LSP, SPP pasizymi didesniu sklidimo atstumu ir
jautrumu, tad pastaroji moda yra tinkamesné praktiniams taikymams. Siekiant
dar labiau iSplésti plazmoniniy dariniy funkcionalumg, naudojamos ne
pavienés, bet tarpusavyje susietos — hibridinés — modos. Viena tokiy yra
pavirSinis gardelés rezonansas (SLR), pasiekiamas periodinése metaliniy
nanodariniy gardelése dél pasikartojan¢iy LSP ir difragavusios spinduliuotés
saveikos [45-48]. Dél kolektyvinio atsako sumazinami spinduliavimo
nuostoliai, taip susiaurinant rezonanso plotj ir padidinant jo kokybeg. Dar
sudétingesnés hibridinés modos susidaro, kai periodinés struktiiros
formuojamos ant metaliniy dangy. Siuo atveju SLR, SPP ir difrakcijos sgveika
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lemia hibridiniy gardelés plazmoniniy rezonansy (HLPR) suzadinimg [22,
53]. Jie pasizymi didele kokybe ir lengvu savybiy valdymu, tad yra
perspektyviis kuriant platformas nanofotonikos jrenginiams. Biitent S§ios
hibridinés gardele Zadinamos modos ir pasireiskia tiriamuose dariniuose.

Poskyris 1.3. PavirSiaus nanostruktiirizavimas reikSmingai keicia ne tik
pavieniy struktiry, bet ir visos plazmoninés sistemos savybes. Dariniy
charakteristikos, tokios kaip dydis [28, 56], forma [57-60], medziagos sudétis
[2, 62-65], koncentracija ir struktiry kiekis [66-68] turi didele jtaka tiek
dariniy gebéjimui sugerti spinduliuotg, tiek kitoms plazmoninéms savybéms.

Poskyris 1.4. Metaliniai nanodariniai ypa¢ paklausiis plazmonikos ir
nanofotonikos srityse dél jy atkartojamumo, homogeniskumo ir galimybés
iSplésti gamybos apimtis, tad jy formavimui sukurta nemazai skirtingy
technologiniy metody. Vienas pagrindiniy metody yra elektrony pluosto
litografija (EBL), leidzianti pasiekti itin didelé skiriamaja geba bei formuoti
itin mazy matmeny darinius, taciau apribota mazo nasumo bei nedideliy ploty
apdirbamumu [72-74]. Fokusuoto jony pluosto (FIB) litografija leidzia
tiesiogiai Salinti medziaga pasiekiant panasig skiriamaja geba, taciau pats
metodas yra brangus, 1étas ir galintis uztersti bandinj jonais [55, 72]. Siekiant
veikti naSumo ir sgnaudy apribojimui, minkstoji bei nanojspaudo litografijos
tapo efektyviomis alternatyvomis didelio ploto struktiirizavimui, naudojant
Stampavimg bei polimeriniais dariniais paremta formavima [71, 83]. Nors
greiti, Sie metodai apriboti dariniy valdyme, kadangi kiekvienai naujai
modifikacijai reikalinga nauja brangi Stampo gamyba. Alternatyvi kryptis
periodiniy dariniy gamyboje — lazerinis apdirbimas, apimantis jvairius
procesus nuo lazeriu indukuoto tiesioginio medziagos pernesSimo (LIFT),
lazeriu indukuoty periodiniy pavirSiaus struktiiry (LIPSS) bei tiesioginio
lazerinio raSymo (DLW) [88-95]. Ultraspartis femtosekundiniai impulsai
leidzia itin tiksliai apdirbti medziagas su minimalia Silumine jtaka, o energijos
valdymas jgalina skirtingg apdirbimo biida bei gaunamos struktiiros formos
keitimg [96-98]. DLW atveju, kai lazerio spindulys astriai sufokusuojamas
metalo dangos pavirSiuje, dé¢l medziagos Sildymo ir termodinaminiy bei
mechaniniy procesy susiformuoja sudétingos morfologijos dariniai, sunkiai
pasiekiami kitais aprasytais metodais.

Poskyris 1.5. Pazangios plazmoniniy struktiiry formavimo technologijos
leidzia tiksliai valdyti jy parametrus ir, atitinkamai, optines savybes, tad tokie
dariniai gali biiti placiai pritaikomi jvairiose srityse. Viena svarbiausiy
plazmoniniy struktiiry savybiy — EM lauko stiprinimas artimajame lauke, kas
sudaro pagrindg pavirSiumi sustiprintai Ramano spektroskopijai (SERS).
Naudojant tokias struktiiras galima Zymiai padidinti jprastai silpng Ramano
sklaidos signalg ir taip aptikti net mazas molekuliy koncentracijas bei tiksliai

91



nusakyti tiriamgsias medziagas [102-104]. Dél didelio jautrumo ir
molekulinio specifiskumo, plazmoniniy gardeliy SERS tyrimai taikomi
cheminéje analizéje, aplinkos stebésenoje ir maisto saugos srityse aptikti dazy,
maisto alergeny, terSaly, sprogmeny bei kity pavojingy medziagy pédsakus
[13, 107-109]. Metodas taip pat taikomas bioanalizéje aptikti DNR, baltymus,
biomolekules, nustatyti infekcines ligas ar navikus [110, 111]. Kita svarbi
taikymo sritis — liizio rodiklio (RI) jutikliai, paremti SPR jautrumu aplinkos
pokyciams, kai jvykus pavirSiniams pokycCiams ar reakcijoms stebimas
rezonansinés smailés poslinkis spektre [38, 50]. Tokiy jutikliy jautrumas
priklauso nuo rezonanso plocio, tad siekiant uzregistruoti itin mazus pokycius,
kuriamos periodinés gardelés ir hibridiniai masyvai, pasiZymintys siaurais
rezonansais. Sios RI jutikliy platformos s¢kmingai naudojamos bezymeniam
biologiniy ir cheminiy medziagy aptikimui, jskaitant vézinius darinius ir
bakterijas, dujy bei skysCiy analizei [14, 15, 114]. Be S$iy taikymuy,
plazmoninés struktiiros taip pat naudojamos fotoliuminescencijos, sugerties ir
netiesiniy procesy stiprinimui, taip jas pritaikant sustiprintos fluorescencijos,
kvantikos, spinduliuotés sugérikliy bei nanolazeriy srityse [118-126].

EKSPERIMENTINE JRANGA IR METODOLOGIJA

Sio skyriaus pirmojoje dalyje apragomas bandinio paruoSimas bei dariniy
formavimas, o antrojoje — struktiiry ir jy savybiy charakterizavimas.

Poskyris 2.1. Eksperimentinis dariniy formavimas buvo atlickamas
skirtingo storio plonose metaly dangose (aukso (Au) ar sidabro (Ag)),
padengtose ant titano (Ti) pasluoksnio. Naudotos dangos pateiktos lenteléje
Table 1. Plazmoniniai dariniai suformuoti naudojant DLW metodika, aStriai
sufokusavus lazerio spindulj metalo pavirSiuje bei naudojant pavien] fs
impulsa darinio formavimui. Periodinés gardelés pagamintos atliekant lazerinj
skenavimg judinant bandinj transliaciniu staliuku. Formavimo parametrai
pateikti lenteléje Table 2. Dél lazerio pluoSto Gausinio intensyvumo
pasiskirstymo, kai didzioji impulso energijos dalis sutelkta centre, buvo
galima suformuoti maZesniy nei pluoStas matmeny darinius bei iSgauti
impulsy persidengima, taip pagaminant submikroniniy periody gardeles.

Poskyris 2.2. Po formavimo, struktiirine dariniy analizé buvo atlieckama
naudojant optinj mikroskopa bei skenuojantj elektroninj mikroskopa (SEM).
Morfologija nustatinéta pagal dariniy aukscio ir skersmens santykj: pussferés
formos struktiiros, kuriy aukstis mazZesnis uz diametrg, buvo pavadintos
gumbeliais, strukttiros su panasiais aukscio-diametro matmenimis — kiigiais,
o dariniai su siaura ir aukSta smaile — antenomis. Spektriné analizé ir
atspindzio matavimai buvo atliekami spektrofotometru, naudojant skirtingas
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poliarizacijas, spinduliuotés kritimo kampus bei bandinio pasukimo
azimutinius kampus. I§ rezonansiniy smailiy pagal jy bangos ilgj, ploti bei gylj
buvo apskaic¢iuojami kokybés faktoriai, aprasSyti (8) ir (9) formulése. Teoriniai
EM lauky pasiskirstymo skai¢iavimai bei atspindzio spektrai buvo
sumodeliuoti naudojant tiek baigtiniy elementy metoda (FEM), tiek baigtiniy
skirtumy laiko srities (FDTD) metoda. Siekianti jvertinti Ramano signalo
stiprinimg, atlikti SERS matavimai, naudojant savaime susiformavusj 4-
merkaptobenzoinés rtgsties (4-MBA) monosluoksnj ant aukso gardeliy.
Stiprinimas buvo lyginamas su kontroliniu Ramano matavimu, atliktu 4-MBA
tirpalu izopropanolyje. Pagrindinis SERS parametras, stiprinimo faktorius
(EF), apskaiciuotas pagal (10) formule, jvertinant pavirSiaus padengima bei
Siurk§tuma skirtingos morfologijos dariniams. Siekiant istirti 10Zio rodiklio
jutimo galimybes, ant suformuoty gardeliy pavir§iaus buvo pritvirtinta
kamera, | kuria buvo jleidziamas skystis — vanduo bei skirtingos
koncentracijos glicerolio tirpalai. Lyginant atsaka ore ir skystyje bei stebint
rezonansinés smailés poslinkj, buvo apskaiciuotas platformos jautrumas pagal
(13) formule bei efektyvumo rodiklis pagal (14) formule. Galiausiai, siekiant
nustatyti jutiklio atsparumag bei ilgaamziskuma, bandiniai buvo laikyti 6
ménesius, po kuriy atlikti pakartotiniai matavimai.

REZULTATAI

Rezultaty skyrius i$skaidytas j dvi dalis ir i§déstytas taip, kad atspindéty
tyrimo eigg: pradedant pagrindiniais formavimo parametrais ir baigiant
taikymais. Pirmoji dalis apraso nanodariniy gamyba DLW metodu jvairiomis
salygomis bei jy jtaka plazmoninéms savybéms. Sie rezultatai paskelbti [P1]-
[P4] publikacijose. Antroji dalis apraso plazmoniniy gardeliy funkcines
charakteristikas ir jy pritaikymus, kurie paskelbti [P5]-[P6] publikacijose.

Plazmoniniy nanodariniy gardeliy lazerinis formavimas ir jy iStyrimas.

Poskyris 3.1.1. Bangos ilgio nulemtas plazmoniniy nanodariniy
formavimas. Sis poskyris paremtas straipsniu [P1]. Tiesioginis lazerinis
raSymas (DLW) fs impulsais leidzia tiksliai struktiirizuoti plonas metalines
dangas, o sistemos ir apdirbimo parametrai turi itin didele jtakg pagaminamy
dariniy formai bei kokybei. Vienas pirminiy tokiy parametry — lazerio bangos
ilgis, lemiantis sugerties efektyvumg ir medziagos atsakg. Plonas aukso
dangas paveikus 1030 nm, 515 nm bei 343 nm bangos ilgiy impulsais, dél
besiskiriancios spinduliuotés sugerties (Figure 3.1a) bei fokusavimo démés
dydzio, buvo suformuoti skirtingos morfologijos dariniai. Nesant pluosto
persidengimui, bangos ilgio mazinimas ir, atitinkamai, sugerties didinimas,
Zemina sluoksnio modifikacijos slenkstj nuo 7,5 nJ (0,4 J/cm?) ties IR iki
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0,3nJ (0,109 J/cm?) ties UV impulsais. Naudojant pagrindine lazerio
harmonika (1H, 1030 nm), ryskiausiai pasireiskia poliarizacijos nulemtas
darinio elipsiskumas (Figure 3.1c). Skirtingos sugerties spinduliuoté lemia ir
dariniy aukstj — naudojant 1030 nm suformuojami daug zemesni gumbeliai
(150-180 nm aukscio) nei su kitais bangos ilgiais (300-400 nm aukscio).
Kiginés struktiiros su 1H net nesiformuoja, o antenose gaunamas tik nedidelis
150 nm aukscio iskilimas, kai tuo tarpu ties 515 nm ir 343 nm suformuojama
auksta, 700-750 nm auks¢io smailé. IStyrus maziausig pasiekiama gardeliy
perioda nustatyta, jog naudojant 1H impulsus neiSabliavus suformuojami tik
0,8 um periodo masyvai, o su Zemesniais bangos ilgiais gaunamos 0,5 um ir
0,45 pm periodo gardelés. Taip pat auksStesnés harmonikos naudojimas lemia
platesnj formavimo energijos jtékio diapazong, kuris nuo 0,15 J/cm? ties
1030 nm padidinamas iki 0,4 J/cm? ties 343 nm, o tai leidZia tiksliau valdyti
dariniy struktiirinius parametrus (Figure 3.2a-b). Skirtingais bangos ilgiais
suformuoty gumbeliy spektrinio atsako palyginimas (Figure 3.3) parodé, jog
Sis parametras didelés jtakos rezonansams neturi, taciau trumpesni bangos
ilgiai turi pranasuma dél mazesniy periody formavimo galimybiy, kai
sustiprinama plazmoniné sgveika. Apibendrinant, mazinant fs lazerio bangos
ilgi Zymiai padidéja aukso nanodariniy formavimo tikslumas ir
universalumas, nes sumazéja modifikacijos slenkstis ir iSpleCiamas formacijos
diapazonas bei sudaromos galimybés pagaminti mazesnio periodo masyvus,
tinkamus efektyvesniam plazmoniniam Zzadinimui.

Poskyris 3.1.2. Energijos ir periodo sqveika valdant nanodariniy
morfologijq. Sis poskyris paremtas straipsnio [P2] dalimi. Norint tiksliai
valdyti plazmonines struktiiras, batina jvertinti ne tik lazerio, bet ir bandinio
jtaka formavimo rezimams. Nors DLW atveju morfologijg i§ esmés lemia
pavienio impulso energija, periodiniuose masyvuose svarbiais veiksniais
tampa ir gardelés periodas bei impulsy persidengimas. Formuojant
nanodarinius skirtingo storio (25-100 nm) aukso dangose, nustatyta, kad
didéjant sluoksnio storiui, tai paciai morfologijai pasiekti reikalinga vis
didesné impulso energija. Gumbeliy ir kiigiy formos visuose tirtuose storiuose
i8lieka panasios, ta¢iau anteny forma stipriai priklauso nuo dangos — plonuose
sluoksniuose susidaro itin siauros ir aukS$tos antenos, o storéjant dangai
formuojasi placios antenos ant kiiginio pagrindo (Figure 3.4a-b). Skerspjiivio
analizé (Figure 3.4c-e) bei temperatiiriniai modeliavimai (Figure 3.5)
patvirtina, jog gumbeliy formavimosi metu danga deformuojama iSlaikant
pastovy stor] visame darinyje, o kugiai ir antenos formuojasi dél metalo
i8lydymo, kai vyksta lydalo persiskirstymas. Mazinant gardelés perioda
zemiau lazerio pluosto diametro (<1 um), pasireiskia persidengimo efektas,
kuris sumazina atitinkamai morfologijai pasiekti reikalingg energija (Figure
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3.6) ir lemia struktirinius pokycCius per vieng morfologing biiseng — i$
gumbeliy j kiigius arba i§ kiigiy j antenas. Sis efektas siejamas su ankstesnio
impulso sukeltais mechaniniais jtempiais bei vizualiai nematomomis
vidinémis dangos modifikacijomis. Taip pat nustatyta, kad nors energijos
itekio diapazonas dariniy formavimui yra ganétinai platus, sudétingesnés
morfologijos antenos nesusidaro itin mazuose perioduose (< 0,6 um) dél per
didelio impulsy persidengimo (Figure 3.7). Apibendrinant, fs lazeriu
suformuoty metaliniy nanodariniy morfologing raida lemia impulso energijos,
dangos storio bei gardelés periodo saveika, tad tiksli Siy parametry kontrolé
leidzia pasiekti atsikartojancios ir lengvai valdomos morfologijos darinius.
Poskyris 3.1.3. Morfologijos ir gardelés periodo poveikis plazmoninio
spektrinio atsako valdymui. Sis poskyris paremtas straipsniu [P3] bei
straipsnio [P2] dalimi. Tikslus nanodariniy struktiiriniy parametry valdymas
sudaro pagrinda tikslingai optiniy savybiy bei plazmony rezonansy kontrolei
placiame spektre. Visy tirty morfologijy spektruose stebimi trys pagrindiniai
rezonansai: vienas s-poliarizacijoje (m = %1 difrakcinés eilés) ties bangos
ilgiu, atitinkan¢iu perioda, bei du p-poliarizacijoje (m = —1 ir m = +1
difrakciniy eiliy). Nustatyta, kad plazmoniniy gardeliy spektrinis atsakas yra
stipriai priklausomas nuo nanodariniy formos (Figure 3.8) — pereinant nuo
gumbeliy prie kiigiy ir anteny, stebimas m = —1 difrakcinio rezonanso
poslinkis j ilgesniy bangy sritj, kuris siejamas su neplokStuminés (angl. out-
of-plane) modos suzadinimu (Figure 3.8c-d), stipriai priklausancios nuo
struktiros auks$cio. Tuo paciu, kintant formai, vyksta ir nuoseklus visy
rezonansy platéjimas, kol anteny masyvuose stebimas itin iSplites ir
susilpnéjes rezonansas, aiSkinamas padidéjusiu struktiry nevienodumu ir
dideliu dariniy aukscio pasiskirstymu. Didziausiais kokybés faktoriais (Figure
3.9) pasizymi gumbeliai, Zadinantys siaurus ir gilius rezonansus (Q-faktorius
apie 40, MQ-faktorius apie 15). Kadangi gardelés periodas lemia plazmoninés
sgveikos stiprumg, $io parametro keitimas viena asimi leidzia suformuoti
iSabliuotas 1D bei efektyvias modifikuotas kvazi-1D gardeles. Pastarosios,
nors turi 2D geometrinj iSdéstyma, taciau pasizymi 1D gardelés spektriniu
atsaku — stebima tik viena aukstos kokybés rezonansiné smailé (Figure 3.10),
susijusi su pagrindiniu gardelés periodu. Lyginant su 2D simetrine gardele,
Siuo atveju eliminuojami pasaliniai rezonansai, atsirandantys nuo difrakcijos
Istrizainéje, bei taip uztikrinamas tikslus ir aukstos kokybés (Q-faktorius iki
90, MQ-faktorius iki 25) rezonansas (Figure 3.11), visiskai eliminuojant keliy
smailiy persidengimo tikimybg. Apibendrinant, lazeriu suformuoty
nanodariniy gardeliy plazmoninés savybés yra susijusios tiek su atskiry
struktiiry morfologija, tiek su bendra gardelés geometrija, o keiciant Siuos
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parametrus valdoma rezonansy spektriné padétis, jy kokybé ir iSskiriamos
pavienés praktiniams taikymams tinkamos smailés.

Poskyris 3.1.4. Simetrinése gardelése Zadinamy rezonansy kampinis
valdymas ir modeliavimas. Sis poskyris paremtas straipsniu [P4]. Nors
morfologija ir periodiSkumas apibrézia gardeliy vidines plazmonines savybes,
taciau jy optinis atsakas gali biiti nulemtas ir Zadinimo geometrijos. Dvimatése
gardelése optinj atsakg lemia kiiginé difrakcija, todél egzistuoja keletas
zadinimo kanaly aukStos simetrijos kryptimis, apimanciomis pagrindines bei
Istrizaines asis. Simetrinése gardelése zadinimas vyksta kritimo plokStumoje
(PD), jai statmenoje plokStumoje (PP) bei dviejose jstrizinése plokstumose
(DP), o priklausomai nuo to realizuojamas 1D-tipo difrakcinis (PI ir PP atveju)
arba 2D-tipo difrakcinis (DP atveju) plazmoninis Zzadinimas (Figure 3.12).
Azimutinis bandinio sukimas kei¢ia gardelés simetriSkumo ir Zadinimo
kryptis ir, tuo paciu, lemia zadinimo pobudzio pasikeitimg i§ 1D j 2D, arba
atvirksciai. Tolygiai keiciant azimutinj kampa (Figure 3.13a-d), pasiekiamas
dinaminis spektrinis valdymas, pasireiskiantis rezonansiniy smailiy skilimu ar
susiliejimu, taip pasiekiant efektyviausig saveika pagrindinése gardelés asyse.
Teoriné analizé patvirtina hibriding rezonansy prigimtj, kai s-poliarizacijos
spinduliuoté sukelia simetriska plokStuminés modos zadinima su tolygiu EM
lauko stiprinimu darinio krastuose, o p-poliarizacija suzadina tiek
neplok§tuming moda su lauko stiprinimu vir$tingje, tiek plok§tumines modas,
pasizymincias asimetriskais lauko stiprinimais darinio kraStuose (Figure
3.13e). Atliekant dviguba kampinj valdyma ir vienu metu keiCiant azimutinj
bei spinduliuotés kritimo kampus, jvedamos papildomos plazmoniniy
rezonansy derinimo galimybés dar platesniame spektre (Figure 3.14) bei
padidinamas jautrumas azimutiniam poslinkiui. Vis délto auksciausia
rezonansy kokybé pasiekiama kai zadinimo plokStuma sutampa su didelés
simetrijos gardelés kryptimis (0°, 45°, 90°). Apibendrinant, DLW metodu
pagamintos simetrinés gardelés pasizymi sudétingu, taciau placiame Vis-NIR
ruoze valdomu spektriniu atsaku, kuris gali biiti koreguojamas net keliais
nepriklausomais parametrais, taip uztikrinant zadinimo efektyvuma.

Poskyris 3.1.5. Pagrindiniai skyriaus rezultatai. Siame skyriuje aprasytas
tiesioginio lazerinio raS§ymo kaip didelio nasumo ir vienazingsnés metodikos
taikymas periodiniy aukso nanodariniy gamybai. Keiciant formavimo
parametrus (lazerio bangos ilgj, impulso energija, dangos storj, gardelés
periodg ir impulsy persidengimg), buvo pagaminti masyvai, zadinantys
hibridinius plazmoninius rezonansus, ir iSsamiai istirtos jy formos bei
plazmoniniy rezonansy kontrolés galimybés. Taip pat atlikta iSsami analizé,
pagrindzianti simetrinése gardelése zadinamy rezonansy kilme. Tai suteikia
tvirta pagrindg tolesniems tyrimams, susijusiems su praktiniu gardeliy

96



taikymu. Remiantis $iais rezultatais, buvo suformuluoti pirmieji trys ginamieji
teiginiai.
Lazeriu pagaminty plazmoniniy nanodariniy gardeliy funkcinés savybés
Poskyris 3.2.1. Morfologiskai valdomos platformos SERS signalo
stiprinimui. Sis poskyris paremtas straipsniu [P5]. Uztikrinus tikslia
nanodariniy ir jy zadinamy plazmoniniy savybiy kontrolg, Siame skyriuje
pereinama prie taikomyjy plazmoniniy platformy karimo. PavirSiumi
sustiprinta Ramano spektroskopija (SERS) yra viena pagrindiniy plazmoniniy
struktiry panaudojimo sri¢iy molekuliy detekcijai. Skirtingos morfologijos
nanodariniai buvo suformuoti ant skirtingo storio (50-200 nm) aukso dangy.
Kaip i$nagrinéta 3.1.2 poskyryje, dangos storinimas iki 100 nm priveda prie
storesniy anteny formavimosi, ta¢iau Siuo atveju istirtas papildomas storio
didinimas vir§ 175 nm sukelia dangos sluoksniavimasi ir pakartotinj plony
anteny formavimasi (Figure 3.15a). Matuojant SERS atsakg, i§ 4-MBA
monosluosknio stebimas dviejy pagrindiniy charakteringy Ramano juosty ties
1074 cm™ ir 1589 cm™ stiprinimas. Signalo intensyvumas stipriai priklauso
nuo dariniy formos — pussferiy gumbeliy masyvuose stebimas maziausias
stiprinimas (stiprinimo faktorius EF yra 10° eilés), kiigiuose EF padidéja iki
10° eilés, o smailose antenose pasiekiamas net 1,83x107 stiprinimo faktorius
(Figure 3.16a-d). Atliktas masyvo skenavimas (Figure 3.16¢) parodé, jog Sis
stiprinimas yra atsikartojantis ir pasiekiamas nuo kiekvienos periodinés
struktiiros. Teorinis modeliavimas patvirtino, jog lokalaus EM lauko
stiprinimas antenose yra bent 2 kartus didesnis nei kiigiuose dél keliy karStyjy
tasky susidarymo smaigalio vir§iingje bei jy tarpusavio sgveikos. Skirtingo
storio dangose formuojamos antenos taip pat pasizymi optimalia forma
efektyviausiam zadinimui — maksimalus stiprinimas stebimas 125 nm ir
150 nm storio dangose, kur EF siekia 2,73x107 (Figure 3.17a-d). Artimojo
lauko analizé (Figure 3.17¢) parodé, jog storesnis antenos smaigalys leidzia
efektyviau suzadinti kelis karStuosius taskus, o tai plonose antenose (50 nm
bei 200 nm storiuose) nepasiekiama. Apibendrinant, DLW budu pagamintos
nanodariniy gardelés gali buti sekmingai naudojamos kaip SERS platformos,
kuriy efektyvumg lemia dariniy morfologija, o didziausias stiprinimas Siam
taikymui pasiekiamas naudojant atrias antenas su storesniais smaigaliais.
Poskyris 3.2.2. Bimetalinés nanogumbeliy gardelés lizZio rodiklio
Jutikliams. Sis poskyris paremtas straipsniu [P6]. Praeitame poskyryje
nagrinétos SERS charakteristikos atspindi pavieniy nanodariniy atsaka, tuo
tarpu periodiniai masyvai, pasizymintys dispersinémis savybémis bei siaurais
spektriniais rezonansais, tinkami ir liZzio rodiklio jutimo tyrimams. Siekiant
pagerinti jutikliy savybes bei atsparuma aplinkos poveikiui, buvo pritaikyta
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dvisluoksné medziagy kombinacija ir atlikti gryno aukso (Au), gryno sidabro
(Ag) bei bimetalinés Ag-Au dangos gardeliy tyrimai matuojant jvairios
koncentracijos glicerolio tirpalus. Nustatyta, kad visi bandiniai jautris
aplinkos luzio rodiklio pokyciams (Figure 3.18), kai didinant skyscio
koncentracija stebimas rezonansy poslinkis j raudonaja spektro sritj (2-3 nm
poslinkis padidéjus glicerolio koncentracijai per 1,7%). Skirtingos prigimties
difrakciniai rezonansai pasizymi besiskirianciomis dispersinémis savybémis,
taciau iSlaiko tiesing bangos ilgio priklausomybe nuo liazio rodiklio, o
didziausiu 870 nm/RIU jautrumu pasizymi m = —1 smailé. Visy metalo
konfigiiracijy bandiniai pasiekia didesnj nei 800 nm/RIU jautruma, o
bimetaliné gardelé pasizymi tarpinémis rezonansy kokybés vertémis
(prastesnémis nei Ag, bet geresnémis nei Au) ir yra praktiskiausia dél apjungto
stipraus plazmoninio atsako bei atsparumo oksidacijai. Ag-Au gardeléms
nustatyta aptikimo riba siekia 0,0013 RIU, kas atitinka i$skiriamg 1 nm
poslinkj spektre. Kadangi difrakcinés kilmés rezonansai priklauso nuo
spinduliuotés kritimo kampo (Figure 3.19), papildomai istyrus Sio parametro
jtakg nustatyta, jog skirtingos prigimties smailéms galima padidinti jautruma
iki 933 nm/RIU, o efektyvumo rodiklj (FOM) iki 57 RIU. Vis délto,
skirtingoms matavimo salygoms reikalingas tinkamas smailiy pasirinkimas:
s-poliarizacijos rezonansai yra priimtinesni mazuose kampuose dél didesnio
efektyvumo rodiklio, o p-poliarizacijos neigiamos difrakcinés eilés rezonansai
tampa pranaSesniais ties didesniais kritimo kampais. Jutiklio rezultaty
patikimumas, atkartojamumas bei platformos patvarumas buvo patvirtintas
atliekant pakartotinius matavimus po pusés mety, kai jautrumo vertés ir
charakteristikos isliko nepakitusios. Apibendrinant, DLW buidu suformuotos
gumbeliy gardelés gali buti taikomos kaip stabiltis ir jautris luzio rodiklio
jutikliai, demonstruojantys aukstas jautrumo vertes.

Poskyris 3.2.3. Pagrindiniai skyriaus rezultatai. Siame skyriuje aprasytas
DLW technologija pagaminty gardeliy praktinis taikymas. Tiksliai valdant
suformuoty dariniy morfologija bei medziagy kompozicija, pagamintas
platformas galima panaudoti konkretiems taikymams — tiek SERS analizei,
tiek luZzio rodiklio jutikliams, ir pasiekti aukstas jautrumo, efektyvumo bei
stiprinimo faktoriaus vertes. Anteny morfologijos optimizavimas leidzia
SERS stiprinima padidinti iki 107 eilés, suteikiant potencialo vienmolekulinei
detekcijai, o gumbeliy masyvai demonstruoja patikimumg RI analizei su
jautrumu, virsijanciu 850 nm/RIU. Tai parodo, jog DLW budu pagamintos
gardelés yra patikima ir lengvai pritaikoma alternatyva kompaktiskoms ir
bezymenéms detekcijos platformoms. Remiantis $iais rezultatais, buvo
suformuluotas paskutinis ginamasis teiginys
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PAGRINDINIAI DISERTACIJOS REZULTATAI IR ISVADOS

Siame darbe pateikta i§sami femtosekundinio tiesioginio lazerinio ra§ymo
analiz¢, atskleidzianti metodo galimybes vienazingsniam ir lengvai kei¢iamos
metodikos procesui, skirto tauriyjy metaly dangy nanoinzinerijai, siekiant
suformuoti dideliy ploty plazmonines gardeles. Keiciant lazerio parametrus,
medziagy konfigiiracijas ir gardeliy geometrija, pademonstruota tiksli
hibridiniy plazmony rezonansy kontrolé, kuri gali biiti efektyviai taikoma
pazangiose analitinése sistemose.

Pagrindiniai rezultatai ir iSvados, pagrindziantys ginamuosius teiginius:

e Sumazinus lazerio bangos ilgj nuo 1030 nm iki 343 nm, padidéja plony
aukso dangy sugertis, todél sumazéja modifikacijos slenkstis (iki
0,1J/cm?) ir iSpleCiamas morfologinio valdymo energijos jtékio
diapazonas (iki 0,4 J/cm?).

e Sumazinus lazerio bangos ilgi nuo 1030 nm iki 343 nm, sumazéja
sufokusuoto pluosto skersmuo, o tai leidzia pagaminti submikroniniy
periody (0,45 pm) gardeles, kuriy neimanoma pasiekti su IR spinduliuote.

e Impulso energijos didinimas keicia pavieniais fs lazerio impulsais
suformuoty nanodariniy morfologija — nuo pussferiy gumbeliy iki smailiy
anteny, o metalo dangos storinimas lemia didesniy struktiiry formavimasi.

e Nanodariniy morfologija galima valdyti mazinant gardelés perioda zemiau
lazerio pluosto dydzio, kai pasireiskiantis persidengimo efektas sumazina
sluoksnio modifikacines ribas dél sukelty vidiniy dangos modifikacijy.

e Rezonanso padétis spektre ir jo kokybé stipriai priklauso nuo dariniy
morfologijos, nes suzadinama neplokStuminé (angl. out-of-plane)
plazmoniné moda, priklausanti nuo struktiiry aukscio.

e Gardelés, kuriy periodas vienoje asyje yra Zymiai maZesnis nei kitoje,
sudaro kvazi-1D masyvus, turincius 2D geometrija, taiau pasizymincius
1D spektrinémis savybémis dél eliminuojamo jstrizinio suzadinimo.

e Simetrinése 2D gardelése rezonansy spektriné padétis bei sgveikos
efektyvumas priklauso nuo azimutinio ir kritimo kampy reguliavimo
didelés simetrijos aSyse, o tai leidZia tolygiai valdyti rezonansg visame Vis-
NIR diapazone.

e I35 visy DLW pagaminamy struktory, didziausiu stiprinimo faktoriumi
pasizymi antenos, sukurianc¢ios karstuosius taskus virStinése, kurie gali biiti
dar sustiprinami optimizuojant metalo dangos storj (150 nm), taip
pasiekiant 2,73x107 stiprinimo faktoriy.

e Bimetaliné Ag-Au konfigiliracija sujungia abiejy metaly privalumus ir
sudaro platformg periodiniy gumbeliy pagrindu veikiantiems
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plazmoniniams RI jutikliams, pasizymincig atsparumu aplinkos poveikiui,
stabilumu bei aukstu jautrumu (vir§ 850 nm/RIU), kuris papildomai gali
biti padidintas taikant kampinj valdyma (iki 933 nm/RIU).
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ARTICLE INFO ABSTRACT

Keywords:

Surface Jattice resonance
Direct laser writing

Plasmonic nanostrucrure aniys
Laser harmonics

temasecond laser piilses

Complex gald nanostructures fabricated on the surface of metal have a high potential for being used as plasmonic
nanostructures, The precise shape and di of the enzbles accurate control of
plasmanic properties. In this work, the of gold I and nanojets by laser direct
writing technique was investigated vsing different laser gths by changing The used wave-
length of laser irradiation impacts the size and shape of the formed structures. Additionally, the achievable
minimal grating period, the layer modification fluence, and the formation fluence range change with the used
Iaser harmonic, Experiments indicate that the reduction of the w.welenglh pmndm @ more precise fabrication

process and management of properties. The gratings of the

excite surface

Inttice resonances with high quality and have significant potential for practical uses.

1. Introduction

Noble metal nanostructures have been widely studied due ta their
exclusive interaction with light and the of pl ic prop-

field, and neglection in the radiative losses. Theoretically, the nano-
particles are observed as dipoles and the dipole sum in the grating case
offsets the damping effect of a single nanoparticle, leading to the field

h [2], This ph is called surface lattice resonance

erties. Depending on the structures, several plasmonic modes can be
obtained, two of which are considered fundamental [17. In the presence
of spatially confined nanostructures smaller than the incident light
wavelength, the collective free-electron excitations, also known as
localized surface plasmons, are induced and the localized surface plas-
mon resonance (LSPR) phenomena occur featuring fixed and relatively
broad peaks [2 41, ile, the use of a smooth metallic
layer excites the propagating along the metal-dielectric interface surface
plasmon polaritons [SPPs) having dispersion-relation [1,4,5). Due to a
mismatch of SPPs and light wavevectors, the SPPs cannot be directly
excited by incident light [41. Therefore, a prism (] or diffraction
grating [2.7] is used to excite it. As the is fated for

(SLR) featuring high-quality resonances | 1,2,5-12], and having a very
narrow and tunable resonance peak in the Vis-NIR zone [137, Refractive
index-sensitive properties of SLR can be implemented in highly accurate
and sensitive Jabel-free biosensors (510 14 15], used for molecule
ion d ion [15], i [1,10], optics [16],
Raman sp py [5,17.18}, ph lysis and ph I (25
etc. For i such SLR-induci gs were used for b the
spontaneous emission of HgTe quantum dots |19], applied as security
labels (20}, and wsed to control the propagation length of strongly
coupled Tamm plasmon polaritons and SPPs (211,
‘The resonant properties highly depend on the used material [10] and
[22,23], oanostructure shape and dimensions

pracdeal uses, the excitation using grating is more d.esirable Additon-
ally, such gratings scatter incident light and dil‘l’ract rays that lead to the
enhancement of plasmonic properties, By icles in a

4-26), grating periodicity |1 ~201 and arrangement
311, dielectric environment (14, ], Ng}n angle of incidence

lattice with a period close to the irradiating light wavelength the dif-
fracted ray traveling parzallel to the lattice surface interacts with the
LSPR-inducing nanostructures, resulting in stronger interactions h:<

tween adjacent structures, higher enkh of the elec 2
* Corresponding author,
E-mail address: keonios vilkevicius@ftme. It (K, Vilkevicius),

dol.org/10.1016/) 5
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i HL" ‘;’\] thus for i ical and
i 217 and f of the is
mquxr:d Silver has lhe stmngul plasmonic properties [ 34,35], but the
material is ible to oxidation, thus tive gold with slightly
poorer plasmonic properties is usually used [1]. Mostly plasmonic
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nanostructures are fabricated using electron-beam (EBL) |1
focused ion-heam lithography (FIB) [47] or colloidal [1.25] and inter-
ference lithography (TL) [17,18,38] techniques, as the shape of the
nanoparticles varies from spheres (39] and lines [15] to rods [26],
mushrooms [38] and even nanorings (257, EBL combined with the lift-
off process easily allows controlling the pattern and the shape of the
nanostructures, However, EBL and FIR have limilations, they are quite

Xp and time- i ially when prod: large arrays
of nanostructures |41, Colloidal and interference lithography methods
have higher throughput, but the resolution of IL is limited and the
uniform formation conditions are not achieved in the whole exposed
area, while the control of the bly process is c licated and the
uniformity of particles is hardly achieved in the colloidal method | 1.
The alternative suggested way to fabricate uniform, cost- and time-
effective sub-wavelength structures on the surface of the thin metal
film is to implement laser direct writing (LDW] of ultrashort femto-
second (fs) laser and to use the temporal and lateral energy confinement
to reduce the formation-zone size [11,12,18,40). By irradiating the
metal surface with one laser pulse, the fastly-heated and molten metal
forms. energy es — from small bumpy
protrusions to high and sharp nanojets [12,16,39,41 ], Wide studies have
been made on i ing the of the that, with an
accurate control of the fs-pulse energy, the four different morphological
states can be ohtained - metallic hollow bumps, cones, jets, and crowns
21, At small pulse epergies, the small half-spherical
protrusions are formed that grow in diameter and height and form
pointier cones with increasing pulse energy. At certain energies, the
solid structure collapses, and a sharp jet-like antenna appears in the
middle of it. Further increase in energy leads to a change in the jet’s
height and the film's ablation with the formation of the crowns takes
place [43,.44], The height and diameter are controlled only by the en-
ergy, but the addil I use of an aperture 10 change the
elfective NA of the objective provides even more control of the shape
and size of the nanostructures [24].

The formation is based on relatively slow electron-phonon energy
transfer, resulting in an elongated molten phase and structure formation
without the ablation of the thin film [45]. Several proposals and dis-
cussions about the formation mechanisms of specific structures are
presently based on laser-induced dynamics. The effect of such formation
is conditioned by the elastic metal characteristics and yield stress.
Meshcheryakov et al. [46] described the formation using two-
temperature and elasto-plastic flow models and stated that the bumps
are formed using lower than the melting fluence when the film gains
momentum normal to the surface leading 1o the uprise, which is extin-
guished by the plastic deformations. Meanwhile, when the fluence is
above a melting threshold, the central part of the irradiated area is
melted, and induced thermal stresses |42 lead to an acceleration of the
molten material in the upward direction until itis stopped by the surface
tension and stresses induced by the cooling of the mell. Other expla-
narions of the bump formation are based on the inducing melting of the
layer. The irradiated layer melts and detaches from the substrate due to
compressive stress relaxation caused by the thermal expansion and
plastic deformation of the metal film [12.47 48], Nakata et al. [49
explain that melting initiates the evaporation of the metal at the batrom
part of the layer, leading to the pressure-induced molten gold perpen-
dicular detachment from the substrate and the formation of a hollow
bump. Furthermore, Kuznetsov et al. [45] offer an explanation that with
higher energy molten material exhibits movement of molt towards the
apex of protrusion, and two jets in opposite directions are formed, inside
and outside the bump. Korte et al, [50] suggest that when the gold film is
molten, the waves that are produced on the surface collide at the center
of the molten area, and the jet is formed. The formation of crowns In
copper and gold using higher energies than required for the jets is

lained by the devel of hydrod, instabilities (&
effect, Rayleigh-Plateau) in the sides of the molten area after the bump
destruction [43,44],

ditrerahl
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The formation of bumps and cones is more controllable compared ro
the formation of jets as the tips can be tilted in different directions due to
the splashing of molren metal upwards. Also, the surface non-
uniformities and defects have an impact on the development of the
structures, and both required fluence and formation mechanism changes
{451, Despite that, the fabrication wavelength, which determines the
absorption of radiation, might also affect the formation and impact the
parameters. The majority of research in nanostructurization with a
single fs-laser pulse was applied uvsing either 800 nm wavelength
or a second laser harmonic (515 nm / 532 nm)
11. Also, a few waorks have been carried out using a pico-
second laser with 1030 nm (517 and a nanosecond laser with 532 nm

152 length, but the ob d st were a bit diffe s0 the
influence of the laser wavelength on the formation is not fully clarified
und need deeper invaugnuun.

In this work, we i gate the infl of the laser gth
(1030 nm, 515 nm, 343 nm) on the fabrication of pcnodu: guld nnno-
structures — their ion energy threshold
period and diameter, morphoelogy, and plasmonic properties. The in-
fluence of the wavelength is obvious and the correct choice of it is
crucial for the required achievable lateral distance, size, and shape of
protrusions. The research gives a better understanding of the formation
of structures using different laser wavelengths and their plasmonic
properties.

2. Material and methods
2.1. Metal film preparation

A thin gold film with a thickness of 50 nm was coated onto a fused
silica glass substrate using a magnetron sputter coater (Quorum Q150T).
The film thickness was chosen on the basis of previous studies as the

hick for conditlon and the lowest reflectivity

\x 547, The pressure inside the chamber was 9 x 102 mbar, and the

d:posluon rate was — 0.26 nm/s. The [ilm thickness was controlled by
changing the sputtering time, which was set to 190 s,

2.2, Laser system

The 100 % 100 ym? and 3 » 3 mm? arrays of the nanostructures were
fabricated using LDW with 1030 nm first- (1H), 515 nm second- (2H),
and 343 nm third-harmonic (3H) 300 fs single laser pulses generated by
Yb:KGW based fs-laser (Pharos, Light Conversion Itd.). The laser beam
was tightly focused onte the metal surface using high-NA (0.5) objec-
tives. A periodic array was fabricated by scanning lines and vsing an
integrated pulse picker for the pulse-ondemand regime, Scanning
speeds in the yange of 3.5-14.7 mm/s were used. The sample was
mounted on a 2D positioning platform, allowing to move the sample in
the x- and y-axis, while the beam focus position was changed by moving
the objective in the z-axis, Additionally, a CCD was used for imaging the
fabrication through the same high-NA objective.

The shape of the structure highly depends on the form..mun pulse
energy, thus arrays with diff periods and fc t were
fabricated with esch harmonic. The range of fabricated periods was
0.6-2.1 pm, 0.5-1.3 um, and 0.5-1.3 pm for 1H, 2H, and 3H, respec-
tively. The energy range was 7.5-10 nJ with a step of 0.5 nJ for 1030 nm
pulses, 0.6-1.6 nJ with astep of 0.1 nJ for 515 nm pulses, and 0.3-1.4 nJ
with a step of 0.1 nJ for 343 nm pulses. The lowest and highest forma-
tion energy limit was chosen by visually checking the formation process
through an optical microscope.

2.3, Swucture charecterization and pl

fc properties
‘The shapes of the fabricated structures in 100 = 100 pm?® geatings

were visualized and inspected using a scanning electron microscope
(SEM, Helios NanolLab650), The diameters were measured from
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obtained images when a sample is not tilted, while the shape and the
height were determined from images when a sample was tilted at a 57°
angle. The shape of the structures has been distinguished according to
their physical properties: structures with a diameter greater than the
height were classified as bumps, those with a height similar to the
diamerer were called cones, and the jets were structures with an addi-
tional narrow protrusion in the center.

The plasmonic properties of 3 » 3 mm® arrays were measured using a
spectrophotometer (Photon RT, Fssentoptics). The reflectance spectra
for s~ and p-polarized light were recorded in the wavelength range of
0.4-1.5 ym using § and 157 angles of incidence,

3. Results and discussion

3.1. Fabrication of gth-depends

gold nanostructures

Different wavelengths interact differently with the thin gold film due
to the changes in absorption. The extinction spectra of the 50 nm gold
film, calculated from the data of d isston and reflection at
8" spectra, can be seen in Fig. la, where the extinetion for 1H is 3.56 9,
for 2H it is 33.06 % and for 3H - 53.62 %. The extinction results
correspond to the absorption of the layer. As the wavelength increases,
the diameter of the Gaussian beam at the foeal position enlarges. The
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and the lower absorption of such irradiation allows achieving structures
of smaller diamerer and period than the focused beam size. However, the
size of the focus spot seems to have a greater impact than the absarption
on the diameter and period of the structures, leading to the use of UV
irradiation for the arrays with the smallest periods.

The diameter of the structures in the arrays fabricated with different
parameters was measured to determine the quantitative dependency on
energy and period. An increase in the energy produca larger stmcmru
in size and leads to the different morphological states in all i ig
wavelengths, as shown in Fig. Za-c. The base of the structures was
observed to be elliptical due to the linear polarization of the used laser
beam [56,57], as can be seen in hole images of Fig, Za-c, and the di-
ameters of both long (cyan line) and short (magenta line) axes were
therefore measured. The increase in diameter with energy, as well as the
difference in the length of these axes, can be seen in Fig. 2d, where the
graph of diameter dependence on pulse energy for constant 1.2 ym
period gratings is plotred. The solid lines represent the data of the long
axis and the dashed lines - the data of the short axis, while the different
colors of the lines correspond to the used wavelengths. The polarization
impact on structure ellipticity grows with energy uprising and is the
highest using fundamental barmonic (Fig. 2d). The structural shape
varies and size increases by increasing single pulse energy. The
maximum obtained diameters of the structures, more precisely holes,
P | at the highest energies, increase with the use of higher-order

di of the irradiated area, by tightly ing laser
pulses with used high-NA objectives, are estimated to be = 2.2 pm, ~1.1
pm, and — 0.8 pm for 1H, 2H, and 3H, respectively, as depicted in
Fig. 1b. The energy required to modify the |hm ﬁlm and to form small
bumpy protrusions d with d ing i wavelength,
Using a 1030 nm wavelength with very low absorption, the bumps are
formed at an energy of approximately 7.5 nJ, which is equivalent to a
fluence of 0.4 J/em®. When the wavelength is reduced to the more
absorbable 515 nm, the required energy decreases rapidly and the layer
is modified at 0.55 nJ (fluence 0.117 J/em®). Using the even more
absorbable 343 nm wavelength, the structures were fabricated using the
lower energy of a single pulse (0.3 nJ, corresponding to a fluence of
0.109 J/cm’).

The minimum periods achievable for cach harmonic were deter-
mined using the modification threshold energies. The grating of the 0.8
um period is achievable using 1030 nm wavelength, with the diameter of
the structures being 552 + 36 nm, while with 515 nm the 0.5 pm period
array of structures with 440 = 26 nm diameter was fabricated. Using
343 nm wavelength, the minimal-period grating of 351 + 25 nm
diameter structures was also fabricated with 0.5 um, but the distance
between the structures is sufficient enough to reduce it 1o 0,45 pm or
even 0.4 ym. The smallest achievable period is limited by the size of the
modified layer and the size of the protrusion-like structure. Longer
wavelengths have been calculated to be focused into a larger diameter
spot 1551, In contrast, the intensity distribution of the Gausslan beam

a) . : .
0+ 4
00+ 4
o 4
343 nm

Extinction (%)

W0 0 AC 500 SO0 TOU 800 SO0 1000 1100

Wavelength (nm)

harmonics, and the values in the short axis are 798 = 28 nm, 860 +
19 nm, and 1125 + 31 nm for 1H, 2H, and 3H, consecutively. In addi-
tion, as can be seen from Fiz 2d, the use of shorter wavelength results in
a steeper curve and a larger diameter can be achieved over a smaller
energy range.

The d data of di d d on formation pulse flu-
ence and grating period is depicted as the contour graph in Fig. 2 for the
shorter axis. The data for the longer axis is in [ig. 51. The range of the
fluence was set the same for all wavelengths. The fluence range of
complex-shaped nanostructures formation with fundamental harmonic
(1030 nm) is narrow, only 0.13 J/em™ and a quite high fluence is
required to initiate the layer modification (0.4 J/cm?) due to the very
low absorption of gold ﬁlm at such wavelength. The fubrication range is
increased to 0.21 J/cm? by using freq y-doubled laser radi and
the fluence required to modify the film is greatly reduced t0 0.13 J/cm®.
Frequency-tripled pulses greatly expand and double the structure for-
mation range to larger fluences, the range being 0.4 J/em?, with the
maodification threshold being even lower than for 515 nm wavelength —
0.1 J/em®, Higher absorption of the radiation in shorter wavelengths
leads to a decrease in the minimal layer modification fluence and an
increase in the structurization range. This wider fluence range at shorter
wavelengths allows for more precise control of the parameters of the
structures,

The used wavelength has an Impact not only on fluence range but

god

Fig. 1. A) extinctlon spectra of 50 nm thick gold layer deposited on silica glass. b) Diameters of focused beams for first-, second-, and third-harmonic.
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set the same for all harmonies, while the range of peried is similar only for the data of the same

also on the diameter. The smallest width nanostructures (<200 nm) are
obtained with 1030 nm at large periods with no beam overlapping
(1.4 1m) becsuse of very low absorption and formation only in the
central part of the Gaussian beam, however, the period is quite high and
the smallest period.-di: ratio is achieved using 343 nm wavelength
(351 nm width structures at 0.5 pm period). Most of the structures can be
of 500-700 nm in diameter for all wavelengths, while the highest Imml
sizes are also achieved with 3H. Di of specific morphol
nanostructures change rapidly with pulse wavelength. At large periods
the maximum width of bumps at the short axis is 550 nm for 1H, 600 nm
for 2H, and 640 nm for 3H. The cones in 1H are not obrained. while in
2H and 3H they have diameters of 640 nm and 790 nm, respectively,
Meanwhile, the jets are of 675 nm for 1H, 780 nm for 2H, and around
1100 nm in diameter for 3H, The crowns and ablated holes are available
in even higher sizes, which were not lnvesdgaled. The diameters grad-
ually increase with d ing gL, ing the higher absor-
bance of the wavelength leads to larger structures in diameter,

Another observable effect is perlod influence on the formation en-
ergy and structure diameter. There is a clear change in the ablation
threshold of the thin gold film (left upper boundary of the Fig. 2 contour
graphs) as the period decreases so that less fluence is required to ablate
the film. This phenomenon is caused by the overlapping of the focused
beam and the [abricated structures at periods smaller than the heam

SEM mi hs shew the of the

diameter. To investigate the thermal effects of the thin film, the em-
perature right after the pulse impinged to the metal and after 100 ps
when the adjacent partially-overlapping pulse was relessed were
calculated. A two-temperature model [58,597 was used for the lattice
impact-temperature ealculations at the moment when it reaches equi-
librium with electron temperature. During the formation of the bumps,
the maximum reached temperature of the lartice is around 450 K, 1700
K, and 3650 K for 1H, 2H, and 3H. Meanwhile, for the calculation of the
heat acc lation and the I after 100 ps, the
temperature history was calculated [60]. The surface of the affected area
after 100 ps is close to the initial temperature (300 K) for all three
investigated wavelengehs, as the caleulated temperature history is close
to zero, The inal proves that the reduction
in the fluence is not due to the thermal effects and heat accumulation,
‘The origin of the decrease in the ablation and morpholoegical shape
formation fluence might be due to the modifications in the peripherical
part of the irradiated zone. The part of absorbed energy is tumed into
potential energy that Is coupled into mechanical stresses (611, At the
central part of the affected zone, these stresses are high enough to
fabricate a protrusion (e.g. bump). The stresses in the peripherical parts
that are affected with lower intensity are weaker. Thus, the non-
significant delaminaton |62] or the intrinsic modifications that
reduce the critical energy needed to modify the material are generated.
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This phenomenon is similar to material fatigue due to the use of several
f5-pulses impinging onto the same spot |62/, The analysis of diameter
change in Fig. 3 shows not only the obvious diameter growth with
increasing fluence but also the increase in size with the reduction of the
period. This tendency. caused by the overlap between the focused
beams, is observed in all harmonics but is most pronounced at 343 nm
wavelength, where for the same fluence the diameter slowly increases

Applied Surfoce Science 617 (2023) 15629

during fabrication, or the cones are not fabricated at all, and the bumps
directly become jets. As with 2H or 3H, the cones are formed in narrow
ranges of ~ 0.021 J/em® (0.1 nJ pulse energy) and =0.055 J/cm®
(0.15 nJ), respectively. The fluence ranges for the formation of the
nanojets are wider than for cones — 0.04 Jrem®, 0,076 J/em?. and 0.254
J/em®, 1t is clear that by reducing the wavelength, the ranges at which
specific morphological smu are fabri d, as well as the whole

with decreasing inter-structural distance, Under such it the
fabricated structures of diamerers equal or slightly larger than the period
begin to touch and overlap, thus limiting minimal periodicity at that
used fluence. For example, in 3H at a constant 0.33 J/em? fluence the
diameter at the largest 1.3 pm period is around 850 nm and Increases o
920 nm at 1.0 pym and 950 nm at 0.9 uym period. At this latter period, the
structures already overlap and a further reduction in distance and
diameter growth leads to the ablation of the array. Such overlapping
structures on the edge of the ablation threshold at small periods are
represented in the insets of Fig. 3.

3.2, Shape dependency on wavelength

As the shape of the ture is energy the differ-
ently shaped structures were also fabricated in different energy regions.
Using SEM images, the i energies and from one
morphological state to another, as well as formation zones, were
determined and represented in Fig. 4. The colored lines represent the
fluences at which: the thin film is modified and the bumps begin to form
{black line), bumps turn into cones (red line), cones turn into jets (blue
line) and crowns are formed with the ablation of the center of the
structure (magenra line). Addltionally. the sqmred lateral size depen

nanostr range, i and are ob-
tained at a wider fluence range lhan the |mermediate morphelogy
(nanocones) because the bumps are constantly growing in height and
the cones are defined anly with similar height-diameter values, thus the
bumps with smaller apex are more likely to be obtained, especially at
low energies. Meanwhile, during the jet formation, the rising pulse en-
ergy increases the diameter of the molten film, resulting in a thicker tip.
Also, due to the high overlapping of the pulses at small distances, there
are some ranges where not all morphological states are achieved. At a
period of 0.5 um for 515 nm and 343 nm, the jets are not obtained and
the ablation divectly of cones happens, while at periods of 0.8-0.9 ym for
1030 nm both the cones and jets are not formed and the bumps are
ablated without other morphological transition.

The distinctions in the morphology of the fabricated structure with
different wavelengths are also apparent and can be seen in Fig. 5. The
bumps in all three harmonics are of quite similar shapes, only with the
difference in maximum achievable height. The bumps in 1 pm period
gratings formed with 1030 nm due to much lower absorption are anly up
to 150-180 nm in height, while the ones fabricated with 515 nm and
343 nm can be achieved up to 300-400 nm. The wransition from bumps
to cones is and the | dary 1 these morphol
states is hardly distinguishable, since they are separated only by the

dence on the natural energy | was lated for all fabri
graling periods and the graphs can be found in Fig. 8% The linear
approximation of Fig, 52 data allows to obtain the theoretical layer
modification threshold energy (24, and these theoretical fluences for
each period are marked in green lines in Fig. 4 and are in good agree-
ment with fluences calculated from SEM images. The obvious red

height-di ratio and the presence small taper at the apex, so this
maximum height is not accurate and may be higher. Meanwhile, there is
an ohvious distinetion between cones and jets, snd the height can be
defined more accurately, As mentioned previously, the cones with 1H
are not obmmed as the height of the structure is always smaller than its

A , such bumps fabricated at higher energies of 1030

of transitional ﬂuences at smaller than 1.0 ym periods is observable due
1o the pr Ly d ovi of the formation bean. A thin
50 nm gold layer is modified and the nanobumps are formed at 0.4 J/
em?, 0,12 J/em?, and 0,105 J/em? using 1H, 2H, and 3H, respectively,
‘The formation range at periods with no beam overlapping for IH, 2H,
and 3H is: 0.067 J/cm®, 0,083 J/em?, and 0,127 J/em?, accordingly. In
graungs formed at 1030 nm, the cones were either not visible due to the
very small forming range, less than a step change in the energy (0.5 nJ)

515 nm

nm are not perfectly semi-spherical and the height profile varies along
the perpendicular axes. The cross-section profile of the structure is
parabolic in the short axis (green line in Fig. Sa), as in both short and
long axes for other bumps, while the height in the long axis of 11
structures does not change gradually and the sides are shorter with the
central part being more prominent (red line in Fig. 5a), Using other
harmonics, the cones are obtained and their height is 720 nm and 780
nm in 2H and 3H gratings, respectively. Cones fabricated using 3H are a

343 nm
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—e— Film modification threshold

—e— Bump-Cone transition threshold
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515 nm 1030 nm

343 nm

Fig. 5. SEM images of nanostructures tilted at 57° angle fabricated with

bit pointier compared to 2H cones, The most obvious is the difference
between the jets, as can be seen in the third row of iy, 4. Despite the
high ellipticity, jets formed with 11 also have a much smaller, non-
protruding, rounded, and unsharpened spike in the middle of the flat
bump with a height of enly 150 nm. In contrast, the 2H- and 3H-formed
jets are tall and pointed, reaching as high as 1 pm. No significant dif-
ference was observed between the 515 nm and 343 nm jets. The small
unshaped jets obtained at 1030 nm may be due ro insufficient mo-
mentum provided by the poorly absorbed radiation to the molten metal
and required for the melt to shoot upwards and form a jet. Finally, the
ablated holes with the crowns on the sides are different in all harmonics.
The vse of fundamental harmonic produced ablated holes with a
nanosphere in the center of it. The conical structures with the ablated
center were observed in gratings fabricated with the second harmonic,
while the crowns on the sides with ablated central part were formed

7=

5 his

. -

ACOnm .
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Crowns & Holes

a) 1030 nm, b} 515 nm, ¢} 343 nm wavelengths in 1 pm period gratings.

with the third harmonic, The formation of such nanostructures is very

ble, as each can be obtained with different morphology
due to the uncontrolled movement of melt, thus the clear influence of
the wavelength on the crown formation is not stated,

33 length-d fent plasmon r

‘The pl. of the periodic are
shape-dependent (17), thus the plasmonic properties of only the
highest-quality ibuting L were analyzed. The 1

um period gratings of bumps were fabricated on a 50 nm thick gold layer
using all three harmonics. The structures shown in Tig. 6a-c were
measured and the diameters were found to be 397 = 21 nm, 518 + 15
nm, and 476 + 11 nm, and the heights were 123 + 13 nm, 211 £ 16 nm,
and 163 + 9 nm for 1H, 2H, and 3H, respectively. The reflectance
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Fig. 6. SEM micrographs of hump gratings tilred at 57 angle fabricated with a) 14, h) 2H, and ¢) 3H. d) $- and &) p-polarization 8 angle reflection speetra of T um

period gold hump gratings fabricared with 1H (red), 2H (green), and 3H (blue).
referred to the web version of this article.)

(For interpretation of the references to colour in this figure legend, the reader is
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spectra of the s- and p-polarizations were measured to determine the
plasmonic properties of the gratings rotated at an 8° angle. The
azimuthal angle change was applied during the measurements so that
the electric field oscillations were perp lar to the laser
lines [ 11/. Here the results and SEM images of the gratings are repre-
sented in I'ig. bd-e, where the black line corresponds to 1030 nm grating,
the red line - 515 nm, and the blue line— 343 nm. The analysis of the SLR
peaks in g Gd-e shows that the length of fabrication has minimal
influence on the when th are bumps. The
wavelengths are within close limits and the difference is due to the
unequal size of the structures, as it is extremely hard to produce struc-
tures of identical physical parameters at different harmonics due to
energetical fluctuations and erratic formation dynamics. As the structure
grows upwards, the resonance shifts to longer wavelengths [24], The
lowest bumps are in the 1H array and the highest structures are in the 2H
array, which explains the wavelength shift in the latter grating.

The quality of the resonances is expressed in terms of the Q-factor,
taking into account only the resonant wavelength g and the width of

the peak at half height Ax 74]:
Q= A /a4

1)

In such calculations, the peak height h is not included, although it is

Apptied Surface Scisrce 617 (2023) 156620

three mor ical states, the achievable height, as well as the diam-
eter, not influenced by the polarization-induced ellipticity, gradually
Increases with a change to more absorbable lower wavelengths. More-
over, the t ies were d of the bump gratings,
showing no slgmﬂcam wavdcnglh influence and reaching Q-factor up
to 40, which is enough forp 1 appli The results of
this work give a better und ding of the length (nfl on the
formation of plasmonic structures and can help to select the parameters
and have more precise control over the modification and variation of the
meorphology.
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important for resonance properties and indicates the strength of the
interaction and the resonance between structures, We have inoroduced a
modified quality (MQ) factor, which includes the peak depth:
A @A

AFe 100

The Q-factor has been calculated for comparison with other Q-factors
found in the literature, while MQ-factor was used for the wavelength
comparison. The es in all i d 1gths are with
relatively high Q-factar (around 40 for s-polarization, and 30 for p-pa-
larization), as the similar gratings exhibit a Q-factor of 17 [24] and
gratings supporting SLR typically achieve a Q-factor of 40-60 |2/, thus
such gratings reach adequate quality for practical uses. A comparison of
the MQ-factor does not indicate a strong wavelength influence on
plasmon resonance. The highest MQ-factor using s-polarized light is
achieved in grating fabricated with 343 nm (MQ = 8.82), while with p-
polarization the strongest resonance is observed in the 2H array (MQ —
9.95), although the MQ-factor of the 3H array is close to that as well
(MQ = 8.96). The difference in the MQ may be due to the same reason
for non-uniformity, as larger nanostructures interact more strongly with
each other. The structures in the array fabricated with 1030 nm are more
elliptical and non-spherical, as the shape of the structures is not uniform,
and are therefore of lower quality than lhose fabricated with 2H or 3H.
Despite the shift in the h, ch the angle of
incidence by up 10 15 does not have any uddmunal impact on the peaks,
and the difference is minimal. The spectra of the 15 angle of incidence
can be found in Fig. §72. Since the resonant properties and quality in-
crease with reducing lattice lateral distance and enhancing the coupling
between the nanostructures, it is clear that the ahility to achieve smaller
periods at 2H and 3H malkes these wavelengths more desirable and us-
able in practical applications.

o] [¢3)

4. Conclusions

The morphology of femtosecond laser-induced structures can be
easily manipulated by changing laser pulse energy and grating period,
while the Taser wavelength has an impact on the fabrication parameters
as well. The increase of laser wavelength reduces the formation fluence
range of the nanostructures and the achievable minimal period of the
gratings due to the higher overlapping of a larger focal spot beam, The
reduction of the wavelength also decreases the thin film modification
fluence as the absorption increase. The nanostructures of different
morphologies in 3H and 2H are quite similar, while 1H-generated jets
are of much smaller tips and the cones are not obtainable at all, Within

None.
Appendix A. Supplementary material

Supplementary data to this article can be found online athiips:/ dal,

org/10.1016/).apsusc.2023.156629,
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Formation of Highly Tunable Periodic Plasmonic Structures
on Gold Films Using Direct Laser Writing

Kernius Vilkevitius,* George D. Tsibidis, Algirdas Selskis, Emmanuel Stratakis,

and Evaldas Stankevicius

Direct laser writing method is a promising technique for the large-scale and
cost-effective fabrication of periodic nanostructure arrays exciting hybrid
lattice plasmons. This type of electromagnetic mode manifests a narrow and
deep resonance peak with a high dispersion whose precise controllability is
crucial for practical applications in photonic devices. Here, the formation of
differently shaped gold nanostructures using the direct laser writing method
on Au layers of different thicknesses is presented. The resonance peak is
demonstrated to be highly dependent on the shape of the structures in the
array, thus its position in the spectra, as well as the quality, can be additionally
modulated by changing the morphology. The shape of the structure and the
resonance itself pertain not only on the laser pulse energy but also on the
grating period. This overlapping effect occurring at distances smaller than the
diameter of the focused laser beam is studied in detail. By taking advantage of
the highly controllable plasmonic resonance, the fabricated gratings open up

plasmons (LSP) in the noble metal. LSPs
are excited in metallic particles with sizes
smaller than the wavelength, while SPPs
are excited on the plain metal surface by
indirect coupling of photons with SPPs.’!
Although the most widely used method for
such coupling is the Kretschmann configu-
ration, which utilizes a glass prism,'*’ a sim-
pler and more efficient coupling technique
is based on diffraction by fabricating peri-
odic structures on the metal surface!”’ when
an additional element such as a prism is not
required.

The fast fabrication and easy tuning of
the absorption peak of such structures are
crucial for extensive research and diverse
applications. While ion or electron lithog-

new opportunities for applications in sensing.

1. Introduction

Plasmonic materials have gained significant attention due to
their resonant properties and applicability in optical components
and sensors,!'l Raman spectroscopy,'’! emitter-based devices’!
and solar cells.*l The driving force of such properties is the exci-
tation of surface plasmon polaritons (SPP) and localized surface
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raphy methods are suitable for produc-

ing precise nanostructures, they prove to

be expensive and time-consuming because
these are multi-step fabrication techniques requiring a high
vacuum.' Structures fabricated through chemical synthesis are
more uniform and easier to produce on a large scale.””’ However,
this method is also multi-step and requires additional chemicals,
which increases manufacturing complexity and cost. Therefore,
the use of ultrafast lasers is a promising cost- and time-efficient
single-step alternative for nanostructuring. Femtosecond lasers
enable fast and smooth processing with minimal thermal im-
pact, leading to the fabrication of wavelength-sized structures
on the surface of the material ™ or within its volume.'"! The
large-scale arrays of uniformly shaped structures can be fabri-
cated by direct laser writing (DLW)'?| or laser interference lithog-
raphy (LIL). "' LIL is a faster structuring process than the DIW
method due to the single exposure formation. However, LIL is
limited by the size of the array, and the structures in the entire
treated area may be non-uniform due to the distribution of the
Gaussian beam in the interfered area. In addition, in the case of
LIL, beam alignment can be complicated and time-consuming,
DLW involves modifying or removing a material with a directly
focused laser beam. This method is attractive because of its high
accuracy, flexibility, and simplicity compared to other structuring
methods.

The morphology of the nanostructures plays a pivotal role in
determining the optical ™! or chemical!'*' properties of the mate-
rial. Therefore, the ability to control the size and shape of the
particles is crucial. Laser parameters, such as energy.'*'% or
laser wavelength,!””) can be adjusted to obtain differently shaped
and sized structures. When thin films are irradiated with single

© 2024 Wiley:VCH GmbH
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pulses of a femtosecond laser, the fast phase transition is initi-
ated and complex nanostructures with energy-dependent mor-
phology at the metal surface are produced.™! The formation of
such hollow nanostructures has been recently widely discussed,
and several formation mechanisms have been described. The
formation of such single-pulse structures is determined by the
thermoelastic stress and induced counterpressure of the sub-
strate leading to the delamination of the film. The surface ten-
sion (if a film is not melted) and capillary forces (if a film is
melted) decelerate the growth of the structure with the radial
Aow of the mass along the film with the direction to its axis.!""
Bumps having the shape of a hemisphere are the least pulse
energy-requiring structures that form due to induced thermal
stresses when the metal layer is heated, causing it to slightly
lift upwards. When higher energies are applied and the layer is
melted, cones and jets might be obtained as the molten metal
gains momentum normal to the surface. During the formation
of these shapes, the melt gains velocities towards the structure
center, leading to the decrease of the film thickness at the struc-
ture sides. Additionally, the counter-motion melt colliding at
the center gives rise to jets, both oriented upward and down-
ward (counterjet), the latter being inside the structure.”’ The
jets are produced due to the hydrodynamic movement of the
molten metal and its height is limited by the surface tension
caused by the Rayleigh-Plateau instability, causing the break of
the jet and ejection of the spherical nanoparticles at even higher
energies.!!

Periodic arrangement of ordered structures has reached great
interest compared to single or randomly distributed structures
as the high-quality plasmonic resonances of hybrid modes are
excited.|*?) Arrays of gold bumps, fabricated by a single direct
laser pulse on a thin Au layer, with a period comparable to the
light wavelength, excite a hybrid plasmonic mode called hybrid
lattice plasmon (HLP). This mode is achieved due to the hy-
bridization of SPPs excited on the metal surface, LSPs excited
on individual structures, and the scattered light from the grating,
while the properties of such gratings are determined by the exci-
tation of Bragg modes.”’’ Gold bumps have demonstrated great
results having both narrow and deep HLP resonance with a high
dispersion relation in the Vis-NIR range.”*! As the morpholo-
gies of such structures have already been extensively described,
the impact and formation of these in varying thickness metal lay-
ers, as well as the period-induced shape change, have not yet been
investigated.

Here, the fabrication of different morphology periodical gold
nanostructures on varying Au thicknesses is presented. The thin
films from 25 nm up to 100 nm thick were observed to be op-
timal and sustain the highest-quality plasmon resonances hav-
ing the largest figure of merits (FOMs),/**! thus this range was
chosen for deeper investigation in this research. The resulting
arrays excite HLP, with its spectral characteristics (quality and
position in the spectra) being highly dependent on the shape.
In this paper, to the best of our knowledge, for the first time,
we extensively examine the nanostructure morphology change
induced by the period reduction below the overlapping thresh-
old. The change in the period and metal thickness provides
an additional degree of freedom to easily tune the morphol-
ogy of the nanostructures, with precise control of the plasmonic

properties.
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2. Results and Discussion

2.1. Formation of Periodic Nanostructures on Au Films of
Different Thickness

The periodic nanostructure arrays were produced on a thin Au
film that was deposited onto a clear silica glass using a mag-
netron sputter coater. The layer thickness was chosen to be 25,
50, 75, and 100 nm and the deposition was done at a constant
0.27 nm s coating rate. The films were prepared without an
additional adhesion layer, which not only improves the adhe-
sion properties of the coating but also affects the formation pa-
rameters of the structures.|*/ Subsequently, the structures were
fabricated using a Yb:KGW based femtosecond laser (Pharos,
Light Conversion Itd)) and its second harmonic (515 nm), as
the formation was achieved with a single laser pulse (Figure 1a).
The DIW technique was employed to produce large-scale arrays
(3x3 mm?). The fabrication time of such a size array with a pe-
riod of 1 ym was 30 min, while the production of an array with
a period of 700 nm took 45 min. A tightly focused laser beam
with a 1.1 ym spot and an objective featuring a numerical aper-
ture of 0.5 were used. The Gaussian intensity distribution of the
laser beam allowed us to achieve smaller diameters of the struc-
tures and periods of the arrays than the beam size. However, in
this chapter, where we compare different shapes on various thick-
nesses of Au films, to ensure that the outcome is not affected by
the beam overlapping, we investigate arrays with an equal 1 pm
riod.

As the laser pulse energy is increased, various morphological
structures are produced. Based on their structural dimensions
and characteristic shapes, the main four morphological states
were distinguished: bumps, featuring a diameter greater than
the apex height; cones, having similar lateral and height dimen-
sions; jets, which have tips taller than their diameter; and crowns,
featuring ablated holes in their centers. The bumps, cones, and
jets are shown in Figure 1b, Using just enough energy to modify
the Aulayer, small roundly-shaped protrusions known as bumps
are formed. The formation of these requires varying amounts
of energy: 0.2, 0.4, 0.6, and 0.75 n] for 25, 50, 75, and 100 nm
Au films, respectively. At higher pulse energies (0.3 nJ (25 nm),
0.75 n] (50 nm), 1 nf (75 nm), and 1.25 n] (100 nm)), the protru-
sion height increases, and more pronounced cones are produced.
At 0.4 n] (25 nm), 0.95 n] (50 nm), 1.25 n] (75 nm), and 1.4 n]
(100 nm), we were able to produce jets with sharp, high, and nar-
row needle-like tips. Finally, when the energy levels exceed the
point of jet splashing, the crowns and holes are fabricated.

Figure 2a illustrates the energy-dependent morphological
change with corresponding SEM images of the fabricated struc-
tures on 50 and 75 nm Au layers. The bumps and cones observed
across all four different thicknesses of metal are quite similar.
However, the formation of jets varies depending on film thick-
ness (Figure 2b). For the thinner layers, the produced jets have
sharp spikes that are narrow and high, standing either on the sur-
face of the glass (25 nm) or on a cone or a disk-like platform that
is made of a collapsed cone (50 nm). By contrast, for the thicker
layers (75 and 100 nm), broader jets are formed at the top and in
the center of the cone. Jets formed on the 25 nm Au layer man-
ifestly have the thinnest spikes with a diameter-to-height ratio
being 1:17, while on 50, 75, and 100 nm Au films the ratios are
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Figure 1. a) Nanostructure formation scheme: fs-laser Pharos, attenuator (ATT) used for the energy control, mirror (M), filter (F) used for an additional
energy reduction, and focusing objective (OB]). The beam is tightly focused onto the metal surface using a high-NA objective. Due to the Gaussian beam
distribution, the structures are fabricated only in the central part of the beam. b) SEM irmages of the top-view periodic array and different morphological

states (bumps, cones, jets) ata 53° angle,

1:13, 1:9, and 1.7, respectively. Differences in morphology may
be attributed to the varying quantity of the metal in the spike. On
the other hand, for the 25 and 50 nm Au layers, hydrothermal
phenomena allow the molten part of the metal to flow towards
the spike causing the collapse of the surrounding thin layer of
the cone, When a thicker metal is used, there is more gold in the
regions around the antenna and therefore the pedestal remains
conical.

2.2. Thermal Effects Induced in Different Au Thicknesses

An analysis of the thermal effects following irradiation of the
Au/SiO, two-layered complex at E = 0.8 n] for four values of dis-
tinctly different thicknesses (d = 25, 50, 75, 100 nm) has been
conducted. The results of the induced spatial distribution lattice
temperature are illustrated in Figure 3, along with the SEM im-
ages of the structures obtained at the same conditions. To eval-
uate the magnitude of the thermal effects, T, is illustrated in
Figure 3 at three different time points (first column: at 67, when

$ RO O wécﬂ.. §i
YT Y Y is

Figure 2. a) lllustration of nanostructure shape dependence on pulse energy and SEM images of nanostructures fabricated on 50 nm (upper row of

SEM images) and 75 nm (lower row) thickness Au layer. bj SEM

graphs of jet shape d

laser is switched off (r, = 300 fs), second column: when maxi-
mum temperature is attained, third column: at ¢ = 50 ps).
Theoretical predictions show that a decrease in the material
thickness leads to higher lattice temperatures (T,). This origi-
nates predominantly from the fact that smaller thicknesses re-
sult in a smaller depth in which the electrons can diffuse./” It
is known that the electron system loses energy via two compet-
ing effects, diffusion and electron-phonon scattering. As the elec-
tron diffusion is inhibited for smaller d, hot electrons remain con-
fined in a small volume and, thus, they lose energy, in principle,
through electron-phonon scattering. Therefore, the electron tem-
perature decrease is not as rapid as in the case of thicker materi-
als. Thus, as the thickness decreases, the phonon subsystem will
interact with an electron system, which is highly energetic and
attains large temperatures. Interestingly, at d = 25 nm, the max-
imum T, arttained exceeds a critical temperature T above which
it is assumed that material is ablated (i.e., removed) (shown as
a white region in the second and third column in Figure 3a). A
thermal criterion was used 1o select T;. More specifically, Tr=
097, where T,, = 6250 K is the critical point for Au'*™! and is

b)
Thickness

Jets

25nm

..v».

d. hick:
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Figure 3. Lattice temperature (T,) profile in the propagation plane at three-time points: just after the end of the pulse (6r;), when T, reaches the
maximum value, and at = 50 ps. The first, second, and third column corresponds to these, respectively. The fourth column represents the SEM images
of the practically obtained structures. The first, second, third, and fourth rows refer to the analysis of the T, fora} d=25nm, b) 50 nm, c) 7Snmand d)
100 nm. The red dashed line stands for the interface between Au and SiO, . White region in the first row (second and third column) indicates the ablated

part of Au. All simulations were performed at 4, = 515 nm, r, = 300 fs, and E = 0.8 n). The same colormap (min-max values) is used in all figures.

taken as the critical value of temperature above which ablation
starts to occur. By contrast, for all thicknesses, a phase transition
(i.e., melting) occurs in some parts of the material as the lattice
temperature exceeds the melting point of Au (ie., T, = 1337
K). In that case, surface modification is via a mass displacement
and not due to mass removal.

The simulated results correspond to the actual structures ob-
tained using the exact parameters. SEM images of those are de-
picted in the fourth column of Figure 3. Ablated holes are ob-
tained in the thinnest layer, while as the thickness increases,
smaller protrusions are achieved due to phase transition occur-
ring in a smaller part of the irradiated zone.

Adv. Ogrical Mater. 2024, 12, 2400172
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2.3. Tunable Morphology of Energy-Dependent Structures

To analyze the formation of the nanostructures, we utilized a fo-
cused Ga ion beam to create the cross-sections of the ones ob-
tained in 75 nm thick Au. Corresponding SEM images can be ob-
served in Figure 4. Three distinct morphological structures are all
hollow inside, whereas the growing antenna appears to be solid.
Comparing the internal height of these structures (cyan arrows
in Figure 4), we observe an increase with growing bumps (in
this case 322 nm) until the cones are reached (562 nm), when
the growth rate for jets slows down (600 nm). At this point,
the growth of the spike is rapidly increasing. To analyze the
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Figure 4. Gold a) bump, b) cone, and c) jet cross-section with internal height and Au thickness measurements fabricated on 75 nm Au, The Au layer
is in bright grey, while dark gray is platinum used for better contrast. Blue measurement shows the inside height of the structure, red—spike width,
green—Au thickness in the periphery of the structure, yellow—thickness closer to the center of the structure. d) SEM images of broken jets on 100 nm

Au with marked jet spike breakage area at the top of the structure, where the layer is the thinnest.

movement of melted material and the formation of specific
structures, we measured the thickness of the film in both the
lower periphery (green measurements) and upper parts closer to
the center of the structure (yellow measurements). The bumps
(Figure 4a) have a consistent thickness of approximately 40 nm
over the entire cross-section. This suggests that the metal only
detaches from the substrate and the movement of the melt has
not yet begun. The wall thickness of the cones (Figure 4b) has
decreased to 29 nm at the bottom (periphery) of the structure,
while it has only slightly reduced at the top (37 nm). Additionally,
a small antenna starts to grow at the top of the cone. This demon-
strates that molten metal moves from the irradiated periphery to
the center, resulting in the formation of a growing small solid
tip at the top of the structure. As previously mentioned, such
flow towards the center appears due to the temperature pradi-
ent and resultant induced velocity. ™ Here, the collision of the
meltat the center has not yet fully started, thus the growing spike
is minimal. In the jets (Figure 4c), the wall thickness is consis-
tent at the bottom relative to the cones (27 nm), while the top
layer becomes significantly thinner (20 nm), indicating that the
impact of melt and further growth of the jet spike is mainly in-
fluenced by the movement of material from the areas surround-
ing the center, This significant thinning of the coating around
the peak can explain the jet spike breakage at higher energies
in thick coatings, as there is a lower film thickness in that area
(Figure 4d).
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2.4. Thermal Effects of Different Energy Pulses

An analysis of the thermal effects following irradiation of the
Au/SiO, two-layered complex for a 50 nm-thick Au layer placed
on a $i0, substrate has also been conducted for five values of
the laser energy (E = 0.2, 0.5, 0.8, 1.1, 2 n]) and results of the
induced spatial distribution lattice temperature are illustrated in
Figure 5. To evaluate the magnitude of the thermal effects, T,
is illustrated in Figure 5 at three different time points (first col-
umn: at 6, when laser is switched off, second column: when
maximum temperature is attained, third column: at t = 50 ps).

Theoretical predictions show an anticipated increase of the lat-
tice temperature of Au at increasing the laser energy. In particu-
lar, ablation occurs at E = 2 nJ while only melting takes place at
lower energies (at F = 0.5 nJ). By contrast, for the lowest value
of the energy (E = 0.2 nj), a phase transition and therefore a sur-
face modification is not predicted. The simulation results are in
agreement with the experimental observations illustrated in the
SEM images assuming similar laser parameters.

2.5. Grating Period-Induced Tunability of Structure Shape
As previously mentioned, the Gaussian intensity distribution of

the laser beam allowed us to achieve smaller diameters of the
structures and array periods than the focused beam diameter. To
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Figure 5. Lattice temperature (T,) profie in the propagation plane at three-time points: just after the end of the pulse (6r;), when T, reaches the
maximum value, at t =50 ps. The first, second, and third column corresponds to these, respectively. The fourth column represents the SEM images of
the practically obtained structures. The first, second, third, fourth, and fifth rows refer to the analysis of the T, for a) E=0.2 n), b) 0.5n), <) 0.8n), d)
1.1 n), €) 2 n). The red dashed line stands for the interface between Au and SiO; (assuming a 50 nm Au thick fim). White region in the last row (second
and third column) indicates the ablated part of Au. All simulations were performed at A, = 515 nm and r, = 300 fs. The same colormap (min-max
values) is used in all figures,
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Figure 6, a) Morphology dependence on period and energy/fluence map for 50 nm thickness Au. The period is in rows, while energy is in columns. b)
Morphology dependence on period and Au thickness map for constant energy 0.8 n) (0.171 | cm™?) pulses. c) lllustration of the overlapping effect of
the laser beam and the layer modification zone in arrays with periods smaller than the focused laser beam diameter. d) The shift of the structure's tip to

the previously modified area in the opposite direction of scanning.

fully understand and gain insight into the effect of the period on
the formation energy and morphology, arrays with periods rang-
ing from 0.5 to 1.3 ym were fabricated on all four different thick-
nesses.

After examining SEM images of each array, a map of the mor-
phology dependence on energy and period was created and rep-
resented in Figure 6a. First, we observe an energy-dependent
change in morphology in the graph, with bumps at lower ener-
gies and jets at higher ones, Furthermore, the impact of the pe-
riod is also demonstrated. For periods smaller than the focused
beam diameter (1 um, a decrease in distance at a constant energy
results in the fabrication of the higher-energy requiring struc-
tures. Cones are formed by decreasing the bump array period,
whereas by reducing the cones’ grating inter-structural distance,
jets can be produced. The impact of the period on shape is lower
than that of pulse energy, thus changing only the distance with
constant energy will not lead to the fabrication of all morpholog-
ical states. Additionally, Figure 6b illustrates the comparison of
different period gratings fabricated on various thicknesses of Au
using the same pulse energy. The alterations of both distance and
thickness lead to an evident change in the structure shape. The
full energy-period morphology change maps for 25, 50, 75, and

Adw. Optical Marer. 2024, 12 2400172
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100 nm can be found in Figures §1,52, $3, and S4 (Supporting
Information), respectively.

Our results demonstrate that by utilizing a sub-diameter pe-
riod the energy required to fabricate specific shape structures
can be lowered. This reduction occurs because a smaller period
causes higher pping of the irradiated area, leading to fabri-
cation within a previously modified zone. As the laser beam hits
the metal surface, the affected layer gains mechanical stresses
t hout the whole irradiated region. This effect cannot be
attributed to the heat accumulation,’”™ as the time between ad-
jacent pulses is quite long (i.e., 7 mm s scanning speed with
10 kHz pulse repetition rate, leading to 100 ps between succes-
sive pulses). Induced stresses in the peripherical parts of the irra-
diated area are not high enough to visibly lift the film. Thus, the
surface modification in the central area leads to the formation of
protrusions, while in the periphery the non-visible slight delami-
nation or intrinsic modifications in the metal are obtained. These
only affect the fabrication of the next structure formed with the
subsequent overlapping beam pulse, leading to the reduction of
the required fluence by reducing the period. Beam overlapping
effect is represented in Figure 6c. Meanwhile, if the grating pe-
riod exceeds the diameter of the focused beam, the shape and
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size of the structures remain constant and are not affected by the
distance (can be observed in Figures S1-S4 (Supporting Infor-
mation) at periods larger than 1.1 pm). In addition, due to the
higher overlapping, the shape appears inhomogeneous and non-
uniform in the scanning axis. The tip of the structure is formed
with a shift towards the previously modified area (already formed
structure) relative 1o its base center (Figure 6d). Such noncentral-
ity is only observable at higher fluences when part of the affected
layer is melted.

2.6. Structure Formation Thresholds

In order to determine the formation parameters more accurately,
the diameters of all the structures were measured and the de-

dence of squared di on the natural logarithm of for-
mation energy for four distinct Au layer thicknesses was plotted
in Figure 7a. The differently colored lines illustrate this depen-

on

the d values of all diffe thicknesses for

a8

Table 1, Different thickness thin Au layer modification threshold.

Thickness [nm] 25 50 75 100
InE -1.61 091 —0.545 -0295
E;.n) 02 0.4 058 074
Fg Jem™? 0.043 0085 0124 0.158

ter reduction with period increase is observed—from averaged
(green solid line in Figure 7b) D, = 0.9 ym at highly overlapping
0.7 and 0.8 pm arrays to D,,, = 0.79 pm at nonoverlapping 1.1 pm
arrays. This change confirms the overlapping effect, indicating
that a larger modified zone (structure with a larger diameter) at

ller periods corresponds to a gi zone at which
energy is effectively absorbed for the structure formation. Also,
it is worth mentioning that this characteristic energy deposition
diameter (D, = 0.79 pm) is smaller than the theoretically calcu-

dence for different grating periods. By linear app ion of
the graph data, the practical layer modification threshold energy
and the characteristic energy deposition diameter (area in which
laser energy is effectively absorbed for the formation of single-
pulse induced nanostructures) can be calculated. The latter diam-
eter is obtained from the slope of the approximated line, while its
intersection with the energy axis indicates the minimum energy
required for layer modification.

The data dependence for all thicknesses and periods is nearly
linear. Comparing the diameters of the structures formed with
the same energies but different periods, a tendency of a slight
increase in size by reducing the period can be observed, which
is attributed to the overlapping effect described above, The char-
acteristic energy deposition diameter dependence on the grating
period for each thickness is represented in Figure 7b as dashed
lines, with the averaged value for each period as well (green solid
line). Here, the general trend of the energy deposition diame-
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lated G beam spot size (D,,,, = <L ), which in this case
is 1.1 ym. Such a discrepancy could be attributed to the idea that
the effective energy absorption for structure farmation occurs in
a region of a smaller radius than the Gaussian beam size (in its
center) where the threshold is crossed.

To determine the modification energy while excluding the
overlapping cﬂ'ecl, the data from the arrays with a period of
1.1 pm was linearly approxi d. This approximation is marked
in Figure 7a as a gray line. The computed layer modification en-
ergy and fluence for each thickness are represented in Table 1.

In the thinnest 25 nm coating, the line intersects the abscissa
axis atInE=-1.61, corresponding to energy E; = 0.2 n]. The mod-
ification threshold for thicker 50, 75, and 100 nm coatings stands
at 0.4, 0.58, and 0.74 nJ, respectively. By comparing the threshold
energies at 50 and 25 nm, the change of it is two times, while
in thicker 100 and 75 nm this change is only 1.28 times. These
results show that in thinner coatings, the modification energy
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Figure 8. Morphological statetransition fluences: layer modification and bu
to the jet (blue line), and layer ablation (pink line) fluences in a) 25 nm, b)

changes more rapidly based on the thickness and the coatings
are more sensitive to energy fluctuations,

The fluences for morphological state transitions were deter-
mined depending on the period by utilizing the data and maps
from Figures S1-S4 (Supporting Information). The transitional
fluences are graphically represented in Figure 8. The green line
indicates the threshold for the bump formation and layer mod-
ification, which was obtained from the linear approximation in
Figure 7a. The red line represents the fluence at which the mor-
phological phase transition occurs from bumps to cones. The
blue line shows the fluence at which cones transition to jets. The
pink line indicates the critical fluence at which the destruction of
the structures occurs, along with the formation of crowns.
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mp formation (green line), bump transition to cone (red line), cone transition
50 nm, <) 75 nm, and d) 100 nm layer.

Additionally, the graphs d rate a period-i ed over-
lapping effect, manifested by changes in ablation and shape tran-
sition fluences in arrays with a period smaller than the beam size.
At higher periods, the fluences remain constant; however, as the
period decreases, these decrease as well. The range of fluences
where the bumps are fabricated (red zone) is quite broad and can
be achieved in all gratings. On the other hand, cones and jets are
not produced at extremely small periods (0.5-0.6 pm) and only
appear in arrays with a pitch larger than 0.6 pm due to excessive
overlapping. In addition, the formation energy range of the cones
is the narrowest compared to that of the bump-like and jet-like
structures. This is because only structures with similar heights
and di are considered as the latter morphological state,
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2.7. Dependence of Pl ic Properties on M logy and in-plane modes that mainly depend on the array period and struc-
Layer Thickness ture diameter.

The fabricated 3x3 mm* periodic gratings generate hybrid lat-
tice plasmon resonance (HLPR), which can be observed as a
drop in the reflectance intensity. The reflectance spectra of the
arrays were d using E: ics Photon RT UV-Vis-
NIR spectrophotometer in the range 0f 400-1600 nm wavelength
with the step of 4 nm. A circular-shaped, 2 mm diameter inci-
dent beam was used, and the spectra were measured for both
s- and p-polarized light, with a constant 8° angle of incidence.
Due to the non-uniform formation of arrays in perpendicular
axes, the highest-quality results were achieved when the electric
field was perpendicular to the scanning line. Therefore, for dif
ferent polarizations, the sample was rotated along an azimuthal
axis. Figure 9a,b displays the reflection spectra of four types of
nanostructures—small bumps (height of up to 100 nm), nor-
mal bumps, cones, and jets, on a 100 nm thick Au layer with
a 1 ym period. Here, mainly the 3 resonant peaks are investi-
gated that correspond to the perpendicular grating of 1 pm: in
p-polarization, two peaks corresponding to m = +1 (875 nm) and

m =-1(1147 nm) diffraction order, and in s-polarization one peak
corresponding to m = +1 {1000 nm) diffraction order. Other ob-
served peaks are either for higher diffraction order or diagonal
grating plane, but these are not investigated. The spectra of the
matrix of small bumps are barely distinguishable from an ordi-
nary reflection of plain Au in both s- and p-polarization and only
shallow and narrow HLPR dips are visible. For higher bumps, the
narrow dip corresponding to m = -1 diffraction order becomes in-
tense, with a slight shift to higher wavelengths (1204 nm) for p-
polarized light in comparison with smaller structures, while the
wavelength remains almost the same for m = +1 diffraction or-
der (876 nm) and s-polarization. The resonant wavelength for this
type of grating can be calculated theoretically using the diffractive
grating formula.**’ For higher cones, this model is not applica-
ble as the m = -1 resonant wavelength shifis toward longer wave-
lengths at p-polarization (1288 nm) and is itself wider and shal-
lower. Arrays of sharp jets have a much wider HLPR with either
a significant redshift or a strong decrease in the total reflection
in the whole d range, ing induced e unob-
servable. This same tendency is observed across all four different
thicknesses.

The main aspect is that the resonance shift is only observed
for one peak—at longer wavelengths in p-polarization. Such shift
of the resonant wavelength with increasing height of the struc-
ture was previously explained by the increased effective period, "
which covers not only the distance between the structures but
also the surface length of the protrusion (Figure 9¢). Bumps fea-
ture a smoother and shorter top surface, whereas cones and jets
possess longer surface distances. Consequently, the larger effec-
tive period contributes to the resonance shift. However, the shift
with changing height might suggest that this spectral feature can
be associated with the out-of-plane (z-axis) electric component
of the incident light. Since the p-polarized light incident at an
oblique angle covers the vertical component of the electric field, it
excites height-dependent out-of-plane plasmonic modes.!*!! The
out-of-plane mode is determined to suffer from high Ohmic
losses at large heights of the structures, which might explain the
results of the jet spectrum. The perpendicular component excites
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The broadening of the peak can be attributed to the nonunifor-
mity of the nanostructures in the array. As previously discussed,
the change in height leads to a redshift. The bump structures are
quite uniform and the collective resonance occurs at a similar
wavelength. With the application of higher fluence and the fabri-
cation of cones, the resulting structure height is more susceptible
to fluctuations in pulse energy. A largerdxstnbuuon oﬂmghls re-
sults in a distribution of wa gths and a broad
of the total resonant peak. In jet arrays, cach structure is ehglnly
different (jet length, mdmanon). thus wide variation in haght
can lead to an extreme broadening of the e. Additi
as it was observed in SEM images (Figure 4d), some structures
in jet arrays were broken, which might reduce the total intensity
of the reflection.

For theoretical estimation, we used COMSOL Multiphysics
modeling to calculate the reflection spectra and near-field profiles
of the structures at the main three investigated dips (880, 996 nm,
and redshlfhng 1150-1300 nm). The sizes of the structures for

ions were d ined from SEM images. Figure 9d,e
shows the calculated reflection spectra for the bump and cone
arrays. Meanwhile, the reflection spectrum of the jets is not in-
cluded because the theoretical calculations do not match the prac-
tical results; in fabricated arrays, each structure varies slightly
in terms of jet length or inclination, and some structures may
even be broken. Therefore, the real spectrum is completely dif-
ferent from the theoretical one, and it is difficult to model such
an array. The calculated results are in quite good agreement with
the practical ones and the redshift of the longer-wavelength res.
onance is also observable. The increase in structure height (ei-
ther bump or cone) leads to a further change in the wavelength.
Near-field profiles in the insets of Figure 9d.e additionally give
an insight into the nature of these phsmomc modes. Redshift-
ing e at longer lengths tends to enhance the lo-
cal field at the top of the structure suggesting the out-of-plane
nature of this peak. Other investigated peaks exhibit enhance-
ment at the sides of the structure coinciding with the in-plane
excitations.

The main quality y of the width and
depth were calculated for matrices of various thicknesses. The
depth was measured from the upper-left corner of the most
prominent peak and its full width at half minimum (FWHM)
was determined. Quality measurements included the calculation
of quality (Q)-factor (Q = 4, /A4), where 4__ is resonant wave-
length and A4 is FWHM. Also, the modified quality (MQ)-factor
(MQ = —=__), which includes the depth h of the resonant peak.
The results of the 1 um gratings with various structure shapes
and Au thicknesses for both s- and p-polarizations at 8° inci-
dent light angles are represented in Figure 10. The factors of
s-polarization results were measured for small bumps, bumps,
cones, and jets, while for p-polarized light the jet resonances were
not determined due to high redshift. By increasing the forma-
tion energy and changing the morphology, the Q-factor from Q
= 100 at small bump gratings decreases by tenfold in cone and
jet arrays. Nonetheless, the MQ-factor for s-polarization is quite
similar in small bump and normal bump arrays, whereas for p-
polarization the normal bumps exhibit higher quality. The mis-
fit between factors shows that although the Q-factor is higher in

© 2024 Wiley-VCH GmbH
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Figure 9. The measured reflectance spectra of different morphological structures: small bumps (black line), bumps (red line), cones (blue line), and
jets (purple line) arrays of 1 um period on 100 nm thickness Au for a) s- and b) p-polarization at 8” light moden(e anye The |nsels show the azimuthal
a

rotation of the sample. ¢) Grating period and effective period comparison

for different shape structures. N spectra for

1um period d) bump and e) cone arrays on 100 nm gold. The insets show the near-field profile at the main 3 mvesngated resonant peaks,

smaller structures due to the narrow FWHM, the more practi-
cal HLPR is observed in higher bumps arrays. This is due to the
higher intensity resonance and larger intensity-width ratio. Inad-
dition, while there is no significant difference in distinct thick-
nesses, the 25 nm Au film yields the lowest quality factors, as the
structures are small and thin, and the layer itself possesses the
lowest reflectivity.

Adv Optical Mater. 2024, 12, 2400172 2400172

Furthermore, we investigated the impact of reducing the pe-
riod below the beam diameter on the quality of the resonance.
Figure 11 displays the reflectance spectra of 0.7 pm and 1 pm
bump gratings on 50 nm Au film. As the period was reduced,
the resonance peak’s depth and quality increased despite the ob-
served resonant wavelength shift. The Q-factor increased from
Q = 33.5at 1 pm grating to Q = 43.3 at 0.7 um grating in the

(11 of15) © 2024 Wiley VCH GmbH
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p-polarization measurement, while the MQ-factor changed from
MQ = 14.1 to MQ = 23. Meanwhile, in the case of s-polarization,
the MQ-factor increased slightly and the Q-factor decreased due
to a reduction in the length and a ¢

Morphology

Figure 10. The 1 pm period grating resonant peak a,b) Q-factor and ¢,d) MQ-factor dependence on the shape of the structure and Au thickness for a.c)
s-and b.d) p-polarization at an 8 light incidence angle.

the formation principle, and shorter but wider structures are ob-
tained. The melt flow during the formation of different morphol-
ogy structures was also investigated and it was shown that at
small the molten material moves from the sides of the

under-reduction of FWHM. When the pc:md is reduced, tl:e in-
teraction among nanostructures intensifies and the HLPR be-
comes stronger. This is because there are more interacting struc-
tures in the same irradiated area.

3. Conclusions
It is shown that the morphology of single ultrashort laser pulses-
induced tures can be ¢ lled via an iate se-

lection of the pulse energy, thin metal film thickn;srs. arnd array
period. Thin films provide the formation of sharp and narrow
jet-like structures, while the thickening of the material changes

Adv. Optical Mater. 2024, 12, 2400172

2400172 (12 of 15)

structures to the central part, while at higher the movement from
the central part to the tip occurs. The simulations prove that dur-
ing all morphological stages, the formation of the material un-
dergoes a phase transformation, and only reaches the ablation
threshold when the crowns are formed. Further manipulation in
shape can be achieved by reducing the grating period below the
size of the beam diameter, as an overlapping effect takes place,
which has been studied in detail. Finally, the morphology change
offers new opportunities t control plasmon resonance, as the
resonant wavelength and its quality change with structure shape,
film thickness, and grating distance, thus providing an additional
degree of freedom for the tunability of the plasmonic properties.

© 2024 Wiey VCH CmbH
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Figure 11. The 0.7 pm (black line) and 1 pm (red line) period bump grating reflection spectra for a) s- and b) p

on 50 nm Au film.

4. Experimental Section

Sample Preparation: A magnetron sputter coater (Quorum Q150T)
was used for the deposition of the thin Au films (25, 50, 75, 100 nm)
on soda lime glass. The film thicl was d by changing the
deposition time from 94 s 1o 376 s with a constant sputtering rate of
=027 nms™",

Laser Processing: The periedic structures were fabricated using single
pulses generated by Yb:KGW based femtosecond laser (Pharos, Light Con-
version Ltd.). The second hmnnmc (515 nm) of the laser was used and
the DLW technique was d, tightly f g the laser beam into a
1.7 pm spot using an objective featuring a numerical aperture of 0.5. The
size of the fabricated arrays for SEM imaging was 100 x 100 ym? and for
reflectance measurements was 3 x 3 mm’, The range of i pe-

Wavelength (nm)

at 8 fight i angle
W!ESSIM:
e (1 =R =T) \/Alog (2)F 1
Ve (@t L) (T—exp(-d/ (a7 + 1))
‘_35 z r 2
" —ﬂosm(T) an(-z(;) ) m

where R and T stand for the reflectivity and transmissivity, respectively,
L conespondsm the ballistic length for Au (=100 nml*2l), a is the ab-

riods was 0.5-1.3 pm.

Ch 1zati The in the gratings were characterized
using a scanning electron microscope (Helios Nanolab650). The diame-
ters were measured from the images tilted at a 57° angle, using the image
processing tool Image]. The morphology was distinguished according
to the height-diameter ratio: structures with diameters larger than the
height were considered bumps, the ones having similar dimensions
(ratio close to 1) were cones, while those with high and narrow spikes
were jets. The cross-sectional cuts of the structures were performed
using a focused Ga ions beam, followed by a Pt layer deposition on the
top using FIB-SEM Helios Nanolab650. The plasmonic properties of
the gratings were characterized using a spectrophotometer (Photon RT,
Essentoptics). The reflectance spectra for linearly polarized light were
measured in the wavelength range of 400-1600 nm using 8° angle of
incidence.

Theoretical Model:  To describe the effects on the Au/SIO,, two-layered
complex following irradiation with fs pulses, a theoretical framework is
employed to explare the and thermal of the struc-
ture. The simulation algorithm is based on the use of a Two Tem-
perature Model (TTM) that rep the dard h to eval-
uate the dynamics of electron and p in
solids.1*2! In this work, the response of the structure with laser pulses
of waveleng!h A = S'IS nm and pulse duration equal to r, = 300 fs
is Gaussian beam of radius (r, = 055 pm).
The intensity profile of lhe laser beam is provided by the following

PP

Ady. Optical Mater 2024, 12, 2400172 2400172

fh for Au, and F is the peak fluence of the laser beam
(F = _—,’ ) where E stands for the laser energy. On the other hand, t is the
L3

time, assuming the laser beam is switched on at r = 0 and it is switched
offat t = 6r;, and r is the radial distance from the spot center. Due to the
small th«clmess of the superstrate (Au) the opncnl parameters of the com-
plex (AufSiO, ) are exp tobe i d by the optical
of both Au and SiO,. Thus, a theory is employed to caleu-
late these p which d i Ievel in Au. Thermal
effects occur in both ials; b ; the itted energy is not suf-
ficient to produce excitation tothe subslralv_ A more detailed investigation
of the excitation and thermal effects in the Au/SiO; is presented in ref {27]
Numerical Simulation:  The reflection spectra and near-field profile of
the plasmonic nanostructures were calculated using the finite element
method implemented in COMSOL Multiphysics solver. The wavelength
ranging from 800 to 1600 nm (the zone of interest for the main 3 inves-
tigated peaks) with a step of S nm was used n: irradiate the suucmres
at an 8° angle of i was described in a
domain with periodic boundary conditions (Floquet periodicity) in bom
axes (1 pm period). To avoid boundary reflections, two perfectly matched
layers were applied to the top and bottom of the domain. The structures
were described as hollow ellipsoids or truncated cones with very short
(for cones) or long (for jets) salid eliptical tips on a 100 nm gold layer.
The dimensions of the structures were taken from SEM images. Johnson
and Christy's datal**| were used for the dielectric function of gold. The
thin film and structure were located on a soda-lime glass substrate with a

istics

toi e odl

the

(13 of15)
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determined thickness of 1 um. Air domain was used above the structure
with its thickness being double the used wavelength.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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ARTICLE INFO ABSTRACT

Kewords: Ope-di " = e
Direct laser writing

Laser modification

Laser ablation

Plas maonic grating

the formation of 1D l:ltxes, whereas metal surface modifi

| periodic gratings on thin gold film surfaces are fabricated with direct

laser writing, employing both ablatioa and layer modification mechanizms. The variation in the pulse energy and
pulse overkapping results in the formation of amays with distinet pl it

Ablatioa is loyed for
is used for the fabri of quasi-1D and 2D

allows for the i

Bol natostrackuntig entings. L

wmhmono(aqmnleywmhw

ivi :onnolalﬂanngnmin line periods, leading to the
y and 1D p The ion of such an array

allows for the acquisition of 2D-grating th!y l\yhul lattice pla:monx resonances with the spectial charc:

teristics of a 1 D-grating while

Licati of additi

that are typical of 2D arrays,

The resulting quasi-1D arrays thus combine ﬂ\endvnmuofhodl 1D and 2D designs, offering a unique platform
for tuming plasmonic resonances for various optical applications.

1. Introduction

Various 1D and 2D gratings and amays are constantly bemg exaa:
ined for their potential applications in the micro- and

surface, obviating the necessity for an additional element. Some of the
fabrication methods of such gratings include focused ion beam milling
[22,23], laser interference [24], electron-benm (25 26, or nanosphere

areas. Often these structures are fabricared using plasmonic manls
(gold, silver, aluminum), which enable strong light-matter interactions
and coupling of incident light with collective electron oscillations at the
metal surface. These properties allow for the application of such surface
modifications in various felds, such as surface-enhanced Rmnon sptc
troscopy (SERS) [1-51, superhydrophobic and antil
16-4], photovoltaics [9,10] and various sensors [11-14]. Some of the
applications are based more on localized surface plasmons (LSPs)
115171, which are the collective oscillations of electrons confined w a
le, or surface pl. polaritons (SPPs) [ 111,191, which ocour
when incident light excites surface plasmons and couples with them,
resulting in a wave that propag along a metal-dielectric surface,
While LSPs are easily excited by incident light, SPPs require a method to
address dnmonmumm&nmchbemzmmdemhgh(mddzes’?w
couple efficiently. The h can be lved using
prisms in Otto or Kretschmann configurations | 20] or through the use of
a diffinction grating [21). The utilization of the aforementioned
configuration facilitates the excitation of the SPPs directly at the sample
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lith hy [27].
Another p g method of fabri g such gratings is by imple-
menting direct lnser writing (DLW). The DLW technique allows for direct
modification or ablation of various surfaces by ultrafast laser pulses,
While often used in polymers to produce structures within the material
[26,29], DLW is being explored as a fabrication method for periodic
nanostructures on thin lnyers, including both polymers [30] and metnls
[31,22]. The localized nature of the light-matter interactions of ultra-
short laser pulses is of great benefit. Femtosecond laser pulses with high-
quality spatial charneteristics can result in sub-diffraction modifications
in target materials. This occurs because of the Gaussian intensity dis-
tribution — the material in the middle of the spot is illuminated with a
fluence large enough to modify or ablate the material, while the fluence
surrounding the center does not exceed the threshold [13]. Different
morphologies are obtained using a ﬂngk laser pulse. depcnimg on the
fluence used [34.35]. The f of th
modeled using thermoelastic models (361, ﬂ\e bumps, cones, and Jm
generally form due to the Iting stress from P gradients
caused by the laser pulse. With lower laser fluence, hollow bumps form,
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Fig. 1. ) Morphologies of the kser- lmh(ed smfxe modifications. b) Abhnon of gold film, using unidirectional nnd bldu'ecuanl formation. Red pulses mark the

firing direction, ) SEM inmge of a & of surface

of surface mod;

image of 1 yan period ablated astay.

while ar a certain fluence corresponding to the absolute loss of film
strength the center of the bump melts and expands upwards. This results
in a nonojet structure. At even higher fluences, the material is ejected
anxl the nanojet is destroyed due to the exeess momentum imparted to
the melt, which cannot be bal d by the combined effects of
pluncd:fonnnnmlndmlfmemﬂon.xudumﬂmkﬂnl. mnwnthn:
the resulting formation of is expl: 1 by hydrod
instability (Marangoni, Plateau-Rayleigh) 13/ 301

If the aforementioned nanostiuctures are nrranged in o periodic

) SEM image of a unidi; ) SEM

for the fabrication of 2D arrays (35,43), In contrast, 1D amays have both
been modeled [1,10] and fab d by other techniques such as lift-off
112,44] or laser interference lithography [24].

In this work, both ultrafast direet laser modification and ablation

hods were ined and char d for forming periodic struc-
tures on thin gold films. The resulting gratings excite HLPR exhibiting
tunable optical properties. The change in the pulse overlap and laser
scanning speed produces not only ordinary 1D and 2D gratings but also
1D-like gmun; with 2D gnmcuy hul 1D optical pmpahes Such

lattice, the grating serves a dual purpose — it hes the of
incident light and excites SPP. Furthermore, if the period of the ammy is
similar to the wavelength of the incident light, the in-plane Bragg re-
flections of one nanostructure can be in pluse with LSPs in neighboring
structures, thereby enh the pl ) The excitation of
both LSPs amnd propagating SPPs lesulu in the hybridization and emer-
gence of hybrid lattice plasmon resonance (HLPR) The main conse-
quence of this is the reduction of d of {391,
resulting in very sharp hybrid latice luonancesdwtcnn be runed by
modifying the period of the Iattice [35]. The so-called surface lattice
resonances (SLRs) observed in periodic metallic nanostructures sepa-
rated by insulator gaps yield ble results. F in the case of
HLPR, the presence of a metallic layer between the structures gives rise
to SPP, which induces additional losses compared to SLR. Although the
electric field lifi of SPPs is reduced, the nature of this mode
results in amore uniform disuilnﬁmo(ﬂxedecwic&ldalmgﬂxmﬂl
film, which has a beneficial impact on practical applications, such as the
enhanced convergence of the SERS [40] or p lumis [41]

PP for shape
depemhm and hgh-qunlxly resonances mludmg the impact of the di-
agonal grating excitation and acting as 1D-resonances.

2. Results and discussion
2.1. Formation of arrays

The 3x3 mm* amrays of modifications/ablation were fabricated using
300 fs pulses of the thind harmonic (343 nm) produced by Yb:KGW
based fs-laser (Pharos, Light Conversion Ltd.), 'l'he laser pulses were
focused through an objective having a i of 05t0a
spot of about 0.8 mmmmnyswemfomlulonngﬂdhyuufﬁo nm
deposited using 2 magnetron sputter coater (Quorum Q150T). As shown
in other works [45,46], a layer of titanium (3 nm) was sputtered on the
glass to act as an adhesive between the glass and gold layer, as the gold
film was susceptible to being ripped off when using higher energies The

hicl of the layers was controlled by the sputtering time at a con-

signal.
DLW naturally lends itself to the formation of large-scale arrays of
plmnwm: nanostructures on metals [35], because of its lower cost and
in ison to the usual lith hic techni [42],
while still being capable of producing structures that exhibit narrow
resonances in the Vis-NIR range, However, this method was only used

stant sputtering rate. By scanming thin metal film and changing pulse
energy, repetition mte, and transition speed, laigescale arrays of
different nanostructures were formed. During the formation, the energy
that the material has gained is dissipated through plastic deformarion
[36]. As a result, different hollow structures are produced according to
the pulse energy (Fig. 1a) [47]. Bumps are formed when the lowest
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Table 1

Fabricated periodic gold gmtings.

1D grating Quasi-1D grating 2D grating

Formation mechonizm Ablation Modification Modification
Pulse energy =10n =04 nt =0.60)
Grating period LOpm 0.8 ym 0.8 um
ln-line perfad 0,25 yen 0.5 ym 0.8 yim
Repetition rate 7 kHz 20 kHz 7 kHz
Scanalng speed 1.75 mn/s 10 mm/s 5.0 may/s
Pulze overlap 69 % 38 % 0%

modification-threshold energies are used, while lager-diameter cones

and jets are obtained at higher 1 When the ablation threshold is

exceeded, the film is ablated and crowns may be produced. During the

production of suiface modifications, it was observed that the structures

formed more consistently when the laser wmu\g was unidirectional
and 3

Opties and Laser Technology 183 (2025) 112330

to the high overlapping, the imradinted arens were completely ablated,
thus such an array was referred to as 1D gmting. While ablated gratings
of smaller periocds were attempted to be produced, these resulted in the
gold surface being too damaged overall with no periodic structures of
use obtuined. One of the limiting factors in fabricating smaller period
ablated gratings using DLW is that the Gaussian intensity distribution of
the beam is no longer beneficial at higher energies (Fig. 1b), At lower

ies, the di of the p d structures is smaller than the
focused beam width, as a larger part of the energy is transferned to the
center of the focused spot [14]. On the other hand, higher-nergy pulses
affect the periphery of the beam, resulting in a larger zone of surface
modification over the entire beam spot area. Thus, limiting sblation to
only the center of the focused spot is challenging for large-scale plas-
monic armys. In geneml, this makes the period of armys fabricated using
ablation more limited by the numerical aperture of the system. This
results in surface modification rather than ablation being more suitable

(firing laser pulses when ranslating in one di with forlmallalamcepenods The fe ion p of all 3 produced
u closed shutter) than when performing in both direeti and i goted gratings are summarized in Table |,
(Fig 1b). During the bidirectional formation with pulse overlapping, the dditionally, to i "o the ing speed and in-line penod

tips of the structures were shifted to opposite sides with respect to the
structures in adjacent lines (Fig. 1¢c), while implementing unidirectional
scanning the slight offset of the tips is repetitive and identical in each
row (Fig. 1d). This is the result of the pulse overlap [41], as the tip is
shifted to the previously mod.lﬁed zone (oppcmtn ln the direction of
scanning), The use of bidi; 1g was imp d for the
formation of the investigated arrays. A}rhmgh this introd: alter-

influence on the p(oducedpnungrypeundquuuzy, several 50 x 50 ym?*
size 1 pm period gratings were prod 7 kHz i
rate was used with 0.6 nJ and 0.8 nJ puluene:g:e&Themmmsspeed
was varied from 0.7 mm/s to 3.5 mmy/s with astep of 0.7 mmy/s so that
the in-line period would change from 0.1 pm to 0.5 pm with a step of
0.1 pm. Obtained SEM images are depicted in ¥ig 2, where the blue

ations in the formation, such scanning speeds up the process, and the
shift of the np dosnmhxghlyaﬁecnbemqmredphmwmcpmpemu
of the | I
disuepnmy would be more pronounced in the context of

is the size of an ablated line, yellow — is the size of the
remaining unmodified gold, and green — is the size of the modified
structure. As observed in Fig. le, the quality of the 1D gmting ablated

influenced applications, such as SERS [3].

To produce both 1D and 2D gratings, the laser scanning speed and
pulse repetition rate (and hence the pulse overlap) were changed. Two-
dimensional arrays of 0.8 pm period (between the scanning lines) were
formed by modifying the surface with lower energies than the ablation
threshold and different scanning speeds. These arrays for spectra and
HLPR investigation wete 5 « Smm” in size, One of the arrays was
produced using a pulse repetition rate in the scanning direction of 20

this directi lines is not ideal, exhibiting some residual splashed metal. Therefore, by
tip- ducing the ing speed and i i dlewbeovedap,lhesides
of the 1D grating metallic lines b her, while mai the

width of ablated lines (0.5 pm for 0.6 nJ pulses and 0.65 ym for 0.8 nJ
pulses). In contrast, by increasing the scanning speed and in-line period,
the transition from ablated 1D to modified quasi-1D grating can be
observed and the threshold can be determined. For pulses with an en-
ergy of 0.6 nJ, the threshold scanning speed is 2.1 mm/s (0.3 pm in-line
period) above which the modified structures are produced and the film
is not ablated anymore, At higher pulse enesgies (0.8 nJ), the threshold

kHz and a transition speed of 10 mm/s, leading to a pulse overlapping of
38 %. Such grating had different periods in scanning (in-line penod of
0.5 pm) and perpendicular (grating period of 0.8 jm) axes. This type of

arrny was referred to as a quasi-1D grating, For a two-dimensional array

ing speed is i ly 3.5 mm/s (0.5 pm indine periods)
because some modified structures are already preserved using these
parameters, Furthermore at even higher speeds, when the in-line period
is large enough, the modified 2D arrays are produced. Although a lower

of metal modifications with 0 % overlapping, the 7 kHz repetition rate
and 5.6 mm/s were used. In this way, the in-line and grating periods
‘were both equal t0 0.8 um and the array was referred to as a uniform 2D
grating. Also, a one-dimensional armay with a period of 1 pm was
fabricated using an ablation method (Fiz 1e) at energies above the
ablation threshold. The pulse repetition rate was 7 kHz and the scanning
speed was 1.75 mmy/s, leading to a large pulse overlapping of 69 %. Due

g speed imp the quality of the ablated lines, this also greatly
prolongs the overall formation time. Consequently, a trade-off between
the quality and the formation speed must be chosen.

2.2 Characterization of the fabricated structures

To investigate how incident light couples with the fbricated arrays,

Scanning speed / In-line period
1.4 mm/s
y 0.2 m

0.6 nJ

Pulse energy

0.8 nJ

2.1 mm/s

2.8 mm/s

Fig. 2, SEM images of 1 pm pesiodic ablated and modified amays produced at 0.6 1) and 0.6 nJ with different scanning speeds and in-line periods. Blue mea-
surement is the size of the ablated zone, yellow - is the size of the remammg unmedified gold, and green - is the size of the modified structure,

3
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a) c)

" p-polarized light
main® angle ¢ = 90°

s-polanzed light
main” angle ¢ = 0"

Fig. 3. a) The produced 3 » 3 mm® gold grating. b) =-polarized and ¢) p- ized light spectra from the diffraction gratings at “main"” azimuthal angle.
¢ s the angle of incidence, and ¢ is the azimuthal angle (referring to the orientation between the grating or scanning lines and the plane of incidence).
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Fig. 4, a) The optical microscope and b) SEM photos of the 1D ablated gold mray of 1 pum period. ¢) s-polarzzed and d) p-polanized Light reflection spectza of the
grating. The “main” szimuthal angle ¢ is shown with solid lines (¢ ~ 0" for s-polarization and ¢ « 90° for p-polarization), while the “shifted” azimuthal angle is
shown with dashed lines. Angles of incidence of 8, 157, and 30" are shown.

reflectance spectia were d using a sp ph (Photon peaks, only the reflection spectra were examined. Angles of incidence 4
RT, Essentoptics) from 400 to 1600 nm using boths mdp-pohrmd of 87, 157, and 30" were used. The gratings were also rotated at an
light. Since the transmission spectra for the i were imuthal angle by 90 to examine the effects of different light polari-
only n few pereent in intensity and with no evident nsunmce nbsmpnou zation. The scheme of the measurements is shown below in Fig. 3. For 1D
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Fig. 5. a) The optical microscope and b) SEM photos of the quasi-1D gold
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array. ¢} s-polarized and d) p. 1 light spectra of the grating.

The ‘main” seimuthal angle ¢ is shown with solid lines, while the “shifted” azimuthal angle is shown with dashed lines. Angles of incidence of 8°, 157, and 30°

are shown.

grating, the hybrid lattice plasmons are excited with the light which
electric field oscillates perpendicularly to the grating (laser scanning)
hnes For 2D grating, the plasmons are excited at both azimuthal angles,

, As it was previ d (35}, a is
also obtained with the elec!nc fiekl wmlhtmg peq)endmulnrly w0 the
laser scanning lines. Thus, in further the main p

response, This indicates that the armay is spectmlly acting a5 a one-
dimensional grating, which aligns with its intrinsic geometry. In the s-

larized light one is visible per angle of incidence,
whlch shifts o lower lengths when i 1g . In the p- ized
light resp two ab i should be vmble - one ato

P

was d with at @ = 07, and wnh ppo-
larization at ¢ = 90". This azm\uthnl measurement is reiened to as the
“main” azimuthal angle. In 2D gratings, where the resonance is also
observable at perpendicular angles, this latter measurement is referred
to as the “shifted” azimuthal angle (s-polarization at ¢ = 90" and p-
polarization at ¢ = 0').

2.2.1. Ablated 1D grating
Firstly, the ablation-produced array of 1 pm period was i igated

t lugerdmndugxmngpermd(contspmdmgmm =1
dlﬂ'mctwn order), and the other at o wavelength lower than the gmting
period (cormspondmg to m = +1 diffraction order). In both cases, the

p is observed — that dtom= -1
nlufl to higher wnv!lengﬂu with higher 8, while those that correspond to
m = +1 decrense [35]. Due to the largely disturbed reflection spectia,
mostly only m = -1 order resonances are visible. In general, the observed
resonances are of much lower quality than in similar arrays shown in the
work by Hua et al. [44], most probably because the formed armys are
quite derly. SEM image (Fig. 4b) indicates that the formation of the

for plasmonic properties. The structures consisted of 0.62 pm wxdth gap

ID gxullngs using direct laser ablation is not optimal for high-quality

and 0.38 um rough-sided gold (¥iy “a,b). High pulse lapping and
high pulse energy lead to the total sblation of the scanned area with
debris on the sides, The resulting HLPRs of the ablated amray (Fig 4¢c,d)
were quite shallow but still visible. In geneal, the intensity of the gold
reflectance spectra was quite reduced because of the ablated layer and
increased transmission. In both light polarizations, the resonances are
observable only in a layout with grating lines perpendicular to the
electric field oscillations — at the “main” azimuthal angle (¢ = 0" for &
polatization and ¢ = 90 for p-polarization). In contrast, other
azimuthal angles do not elicit a diffractively-coupled plasmonic

as the ining film exhibits non-uniform and
sides, in addition to the debris of the splashed metal.

hish }
B

2.2.2. Madified quasi-1D grating

A quasi-1D array of gold film modifications was formed using lower
pulse energy and larger scanning speed so that the pulse overlapping
would besmaller. The aray with 38 % overlap had a period between the
scanning lines of 0.8 pm, while the in-line period tumed out to be 0.5
pm. This results in a different structure separation along both axes. The
optical microscope and SEM photos of the formed armys are shown in
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Fig. 6. a) The optical microscope and b) SEM photos of the 2D modified gold array of 0.8 ym period. ¢)

500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

400
Wavelength (nm)
larized and d) p-polarized light reflection spectma of the

grating, The “main” azimuthal angle ¢ is shown with solid lines, while the “shifred” azimuthal angle is shown with dashed lines. Angles of incidence of 8°, 15", and

30" are shown.

Fig Sa,b. Andremmwofdtefumdsuumlrescmbesemmbodnhe
wgulnramlSEMmmsu.wluchmwhemmedbyche“ i

the in-line grating when the resonant peak shifts to longer wavelengths

and of the gold ab zone. So even though the giating is

ning (Fig. 1¢). ¢ , a8 d to the other samples, this
allumnmofllwsmmuresdldno(seuntnhnveaslmngefﬁedonthe
optical or pl ic p of the

This time, the mnlﬂng spectra are of lugel mﬂecﬂon mmmlly, the
HLPRs are a lot deeper, and the on p i
and angle of incidence of the incoming hshl is easier to dmmg\u.i:
(Fig. Se,d). Sume as m the ablated array, in the s-polarized light

one is visible per angle of incidence,

whtch shifts to low& wavelengths with increasing angle. With p-polar-
ized light, the resonances spread further from the wavelength of the
grating period with increasing angle of incidence. While the array is
two-dimensional, in practice it acts as a one-dimensional array. The
are ot ble only in one azimuthal angle for each polari-

zation - in s-polarization, the clear peaks are observed only at ¢ =
0" angle, while using p-polarization the sharp peaks are obtained at ¢ =
90" angle. The resulting HLPR is associnted with the main periodicity of
0.8 pm, while the resonance of the in-line periodicity of 0.5 jm is
almost not visible in the spectra, as it occurs in the gold absorption zone.
However, the non-1D nature of the grating is observed at larger incident
angles (15°, 30°), where some resonances can be visible at the ¢ =
0° angle of the p-polarization reflection spectrum (648 nm ar 15 and
776 nm at 30°). These correspond to the m = -1 diffraction order from

two-dil ional with two periods, it can be considered one-dimensional
at lmall angles. This apwosch eliminates the azimuthal angle

and di in the spectra, thereby providing
only a high-quality 1D grating response.

22.3. Modified uniform 2D grating
Finally, a uniform 2D grating of gold modifications was produced
using similar pulse energies and defined scanning speed so that the
pulses would not overlap, In this way, both the scanning line and in-line
period of 0.8 ym were achieved with unife distribution of the
nanostructures in both axes. The optical microscope and SEM photos of
the artay we shown in Fig. ta,b. The array was also produced in bidi-
rectional scanning, however, as there is no overlap of the pulses, the
scanning direction did not affect the shape of the structures and all of the
produced bumps have a circular shape. The resulting reflection spectia
are depicted in Fig. 6e,d with a solid line marking the response from the
“main” azimuthal angle providing higher i ity (¢ = 0° for s-polar-
ization and ¢ = 90" for p-polarization). Meanwhile, the dashed line
mndu the response from a “shifted” azimuthal angle differing from the

main” by 90",

The results a bodl azimuthal angls are quite similar with identical
, in addition to the main resonances

g Ho
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Fig. 7. a) The Q-factar and b) the MQ-factor of the HLPR dependence on the light incidence angle. Black lines mark the results of quasi-1D grating, red line - 2D
grating “main” azimuthal angle, and blue line - 2D grating “shifted” azimuthal angle. Solid lines show the results of m = ~1 resonance (p-polarization), dashed lines

-m = +1 resonance (p-polarization), and dotted lines - m = £] (:

€) s-polari;

d and d) p-polarized light reflection spectra of the 1D (black

line), quasi-1D (red line), and 2D (blue line) gratings at 8° angle of incidence. The “main” azimuthal angle ¢ is shown with solid lines, while the “shifted” azimuthal

angle is shown with dashed lines.

from the 0.8 ym period diffraction grating, other peaks are visible in the
spectra cotresponding to either diffractive resonances from diagonal
grating or to resonances from another axis due to the misalignment of
the hal angle. These additional peaks can overlap with the main
resonances and thus broaden them, degrading the quality of the

resonances.

2.24. Resonant properties of the produced gratings

The quality and modified quality factors [12] of the produced quasi-
1D and 2D arrays were caleulated and depicted in Fig 7a,b for the
menswred light incidence angles (87, 15°, and 30°) for the final com-
parison of the plasmonic properties. The black line denotes the quasi-1D
results, red — 2D graring results at the “main” angle, and blue — 2D
grating results at the “shifted” angle (solid lines correspond tom — -1
resonance at p-polarization, dashed lines — m = +1 resonance at p-po-
larization, and dotted lines - m = +1 resonance at s-polarization). It is
not feasible to utilize the resonances of the 1D array for the calculation
of these parameters. Also, the corresponding spectra of all 3 gratings at ¢
= 8 for both “main” and “shifted” azimuthal angles are compared in

Fig 7¢,d. Here, the black line corresponds to 1D, the red line — quasi-1D,
and the blue line - 2D grating (solid lines — “main” azimuthal angle,
dashed lines - “shifted” angle). The quality factor (Q-factor) in Fig. 7a is
measured as the mtio of the length to the 1

width. The modified factor (MQ-factor) in Fig. 7b additionally includes
the depth of the resonance peak.

The tendency of the quality factors with increasing angle of incident
is evident. HLPR excited by s-polarization (dotted line in #1z 7a,b) ina
2D grating demonstrates a consistent quality as the angles change, with
a Q-factor of about 30 and an MQ-factor of 7, while the one excited in a
quasi-1D grating results in a loss of quality as the angle increases. The
latter d can be ibuted to the shift closer to the
absorption zone. At higher angles, the resonances of the in-line period
grating can potentially exit the absorption zone and overlap with the
resonances already observed in the spectrum, thus broadening them.
HLPR of m = +1 order excited by p-polarization (dashed line inFig 7a,
b) shows a steady decline in quality in both quasi-1D and 2D gratings
due to the convergence of the resonant peak and gold absorption zone
edge. Finally, the HLPR of m = —1 order excited by p-polarization (solid
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line in Fig. 7a,b) represents almost a linear incline in quality with an
angle i as the peak maintains its width while shifting to
longer wavelengths. Here, the Q-factor reaches up to 93 in the quasi-1D
array, with the MQ-factor being approximately 25.

All in all, quasi-1D grating provides larger Q-factor results in com-
parison o mkfumZDgudu nsthe resonunce peaks are more narow
due to the elimination of The Q-factor of the s-
polnrmnonmsponseumuunad bys ‘while that of p-polarization {m
= -1) is enhanced by a value of 20. In addition, the MQ-factors of both
quasi-1D and 2D gratings are found to be quite similar for p-polasriza-
tion, suggesting that hod: methods can be employed to produce high-
quality samples for p Pp heless, the results of
the s-polarization response are greater in quasi-1D gratings at small
angles, which illustrates the benefit of eliminating additional reso-
nances, resulting in more intense and narrow HLPR peaks.

3. Conclusions

The fabrication of ablated and modlﬁed large-scale amrays exhibiting

hybrid latice pi d. Both the ablated and
modified arrays follow the length de denci onlhn
angle of incidence and pol ion of i ,,hyu.

modification  proves o be a more advantageous apymnch for
manufacturing such HLPR amays. It offers several key benefits,
including the ability to produce more precise, sub-diffraction limit
structures without the sample surface contamination of splashed metal
associnted with the ablation technique. The change in the scanning
speed and in-line period d ines the threshold b the ablated
1D grating and quasi-1D grating consisting of modification-induced
nanostructures. Surface modification rother than sblation produces
gratings exhibiting more narrow and practically applicable diffraction-
coupled resonances. Finally, the research demonstrates the novel
promising technique of quasl -1D grating fabrications. A 1D-like spectral

can be achieved at a single azimuth 'anxlewnhshalpm
nmm through the utilization of large-scale (3 » 3 mm?) 2D arays of
surface modifications, employing small m-lule penods. Such qwm -1D
gratings provide the ability to eradi arising
from a diagonal grating or non-optimal azimuthal alignment. Only a
single resonant peak response in the spectra mcxemsduaocuracyof
the results without the overlap of several peaks and signal deteri

Optics and Lasr Technology 183 (2025) 112330
Data availability
Data will be made available on request.
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ABSTRACT: The exmalnon of hybndxzed plasmonic modes is
induced by ty ional gratings. Hybrid lattice
plasmon resonances (HLPRs) emerge from the interaction of
surface plasmon polaritons (SPPs), localized surface plasmons
(LSPs), and grating-induced light diffraction and scattering, These
resonances are characterized by dispersive and narrow line widths,
which are particularly rel for bi ing and surface-ent d
spectroscopies. In this comprehensive i g the diffraction-
based excitation of HLPR resonances in a symmetric 2D gold
nanobump grating is examined with excitation occumring across
multiple lattice planes. The resonance tunability with respect to
azimuthal and incidence angles, as well as polarization, is

|dil Metrics & More | @ Supporting Information

experimentally investigated. To identify and validate the origins

of the resonant peaks, theoretical calculations of the spectral and near-field resp were conducted idi

g a thorough

al study highlights the pivotal role of symmetry and excitation

idelines for the g of highly tunable plasmonic

tion of the p T'h:s bined theoretical-exp
try in defi in g hybrid pl modes, thereby p g B
platfonm.

o'

KEYWORDS: gratingcoupled resonance, plasmonics, periodic gold nanostructures, femtosecond laser, direct laser writing,

FDTD simulations

1. INTRODUCTION

Periodic metallic nanostructures support a variety of plasmonic
resonances arising from the interaction of fundamental
plasmonic modes and incident radiation. One of these hybrid
modes arises from the coupling between repetitive localized
surface plasmons (LSPs) and diffraction-induced propagating
surface plasmon polaritons (SPPs).' " The hybridization of
plasmons is obtained in the periodic nanostructure array when
the wave is diffracted at the cutoff angle, emanating from the
metal surface, and the Rayleigh anomaly condition is fulfilled. 3
When the localized surface plasmons of neighboring individual
nanostructures and the scattered field are in phase, plasmonic
oscillations and local electromagnetic field are enhanced,
resulting in reduced radiative losses and efficient far-field
coupling. This interaction between repetitive LSPs and a
diffracted ray gives nse to a hybrid mode known as surface
lattice resonance (SLR), whose key features are a narrow line
width and strong spectral tunability.*~” The addition of a gold
layer among the periodic nanostructures leads to the excitation
of the SPP by the same in-plane diffracted ray at the metal-
dielectric interface.” Consequently, the coupling of LSP-SPP
modes is initiated, and a hybrid lattice plasmon resonance
(HLPR) is obtained. Although SPPs can be excited by the
presence of a glass prism, the excitation of this HLPR mode is
© XXX The Authors. Published by
American Chemical Society

< ACS Publications

achieved exclusively with a diffraction grating” In two-
dimensional gratings, the coexistence of multiple diffraction
planes enables the simultaneous excitation of plasmonic modes
along orthogonal symmetry axes and diagonals.

The resonant properties of these hybrid plasmonic systems
strongly depend on the structural grating parameters and are
tunable by tailoring the period and symmetry of the
gnm\%m " as well as the particle geometry and dimen-
sions, '® and the number and arrangement of nanostructures
in the array.'” ™" The results are also influenced by s.lmple
parameters such as incidence angle and polarization,”' ™" the
plasmonic metal, the adhesion layer, and the surounding
medium.'***** To ensure stable resonant properties, the
nanostructures must be uniform in shape, and the metal
surface must be chemically stable (nonoxidizing). Hybrid
resonance phenomena are widely used for accurate, powerful
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Figure 1. (a) Cross-section of the bumps with grating-coupled exctation of surface plasmons, (b) SEM micrograph of gold bumps grating with
marked plane of incidence and angles used in measurements. (¢) 3D drawing of the main diffraction planes at an §° incident angle beam at the

fabri old

grating, Diffr;

in (d) plane of incid

(P1), () perp lar plane (PP), and (f) diagonal plane (DP), The

spcclrd visualization of diffraction is depicted for the waveltngth range of 400—-800 nm. White arrow marks resonant wavelength.

tmns,“"“ll tumors,” and gases, ™ which dtpend strongly on
changes in the surrounding refractive index. The use of
resonant structures is also a method of enhancing the Raman
scattering signal in the vicinity of nanostructures.’' ™
l’lasmomc lattices and hybrid modes have also been

for li optical and lasing, ™
ﬂuomscence,‘ and used for boosting other ene con-
versions, ™ as we[l as for fluid flow manigulauon, non-
radiative cooling,"" and anticounterfeit labels.**

While periodic metallic tures can be manufactured
in several ways," ™" a single-step large-scale direct laser
writing (DLW) technique was implemented in this fabrication.
Ultrafast laser processing of the sample, by ablating or
modifying the metal layer, enables accurate microprocessing
at the focal point of the laser beam.™* By applying a single
laser pulse to modify the layer, energy-dependent nanostruc-
tures can be obtained from the heated and melted metal layer.
Previous studies have shown that the formation of these
structures depends strongly on the laser wavelength and pulse
energy,’” the metal used,”” and its thickness.”*' The
plasmonic properties of such nanostructures also depend on
these parameters, and the most prominent dependence is
morphology, as the resonant wavelength redshifts with
increasing height and morphological phase of the structure.

The diffraction-based plasmonic excitation can be described
using cither a fully complex 2D or a simplified 1D periodic-
amay model. In the literature, the latter 1D case is more
< Iy stigated because the ph are reduced to
a single axis, allowing clearer analytical t treatment and simpler
interpretation of the underlying physics.”™~ * As a result, many
plasmonic concepts are typically introduced and analyzed
within a 1D framework. However, a 2D grating description is
essential when studying systems with hybnd-modc ronmtwn,
multiaxis diffraction, and multidirectional p <
Symmetric arrays have been widely mveshgatcd in the oontcx\

of SLR excitation and transitional conditions bctwctn
individual LSP and SLR modes.” ™" Additionally, grating-
coupled SPP mode excitation in two-dimensional lattices
under orthogonal incidence conditions, as well as the Bragg
mode excitation in hybrid pl ic-ph crystal sy

have been explored for practical implementations.” Despite
extensive studies and analysis on 1D gratings and g tries,
the full angular depend of,' i in
symmetric 2D lattices, particularly the interplay between
main-axis and diagonal diffraction orders, remains insufficiently
explored. This study aims to tally and th ically
investigate grating-coupled pl es in sy ric
2D gold hemispherical nanobump gratings fabricated on thin
films. By systematically varying polarization, azimuthal
orientation, and incidence angle, we resolve the dispersion
and hybndnuhon hchavnor of multiple diffraction-based
ions are used to model both
the spectral response md near-field distributions, enabling a
clear classification of the observed resonances to their origins.
This combined experimental-theoretical approach dlarifies how
diffraction order, propagation direction, and polarization
jointly shape the hybrid plasmonic response in 2D gratings.

v

2. RESULTS AND DISCUSSION

2.1. Grating-Coupled Resonances in 2D Gold Nanobump
Arrays

Large-scale periodic symmetrical 2D arrays of gold nanostruc-
tures on a 100 nm thin film were fabricated using the DLW
technique, when the third-harmonic (343 nm) pulses of 300 fs
Yb:KGW-based laser Pharos (Light Conversion Ltd.) were
utilized in this study. The focused beam size was 0.8 pm,
achieved with a high numerical aperture (NA) objective of NA
= 0.5. The fabrication process entailed scanning periodic lines
at a constant sample translation speed and pulse repetition rate

] s/ o ory/ 101021 facsamt SCON043
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Figure 2. Reflectance spectra of gold nanobumps grating with a period of 1 um for (a) s- and (b) p-polarization. The sample was measured at three
azimuthal angles ¢ = 0° (bhck line), ¢ = 45 (red line), and ¢ = 907 (blue line). The marked primary resonances (E,,, green) and secondary

E,, cyan), origi
= 45°. (¢) Theoretically caleul 5

m the plane ofmnd:mc (P1), perpendicular plane (PP), and diagonal plane (DP) at (c) @ =07/90% and (d) ¢
on the grating period at an 8 incident angle for 1D-origin s- (black lines) and

p-polarization (md Imcs), as \\ell as ZD-cmgn (gre:n hnes) The first diffraction order is depicted in solid lines, while the second order is in dashed
mark

lines. The symb

e values from (a) and (b) graphs. Primary (filled symbols), secondary (empty symbols),

and tertiary (gray symbol:) ruomnots are marked by squares (¢ = 0°) and diamonds (¢ = 45°) for s- (black) and p-polarization (red).

(7 kHz) to structurize thin metal films and obtain
nanostructures with a period of 1 um in the scanning lines.
In order to produce a symmetric 2D grating, the same period
of | ym was used between the scanning lines. The structures
were produced using a 0.8 n] single-pulse energy to obtain
hemispherical bumps.

The fabricated periodic nanobump arrays excite a hybrid
plasmonic mode that propagates along the metal surface. The
SPP mode propagation wavevector at the metal-dielectric
interface is described as follows:™

P gy
s 1\1+€Au (1)

where &, is the permittivity of the gold film. The SPP
excitation is based on light diffraction from the grating and
Wood's anomaly, when the specific wavelength of the beam
diffracts at a grazing angle so that it propagates along the
surface (Figure la). The periodic grating changes the
momentum of the incident light, leading to a matching of
photon and SPP wavevectors and a consequent SPP excitation.
Nanobump array changes the incident light wavevector k, =
27/4 by an integer number of grating wavevectors k; = 2x/5,

where s is the grating period; thus, the resonant wavelength
highly depends on the distance between the structures in both
axes. For SPP excitation in a 2D amay in an air environment,
the following diffracted wave condition must be met:"’

kgpp = kisin€ & mk_ + nk,, @)
where 6 is the angle of incidence, k,, and k,, correspond to
grating wavevectors in the x and y axes of the amay, which, in
this case of a symmetrical square grating, are identical, and m
and n are i diffraction orders in x and y
directions. This includes an additional resonant- -wavelength
control via azimuthal and quma angles. Therefore, the
ling b a surface p and a diffracted wave is
ful.ﬁll:d | when egs 1 and 2 are matched and can be achieved by
different diffraction orders. In addition to the SPP, since the
nanostructures are of close proximity to the light wavelength in
size, the LSPs are excited on each of the periodic structures.
Therefore, the hybridization of LSPs, SPP, and the diffracted
ray at a grazing angle occurs in the symmetric 2D gold
nanobump grating. During the measurements, the grating
period was kept constant, with only polarization, the angle of
incidence ¢ (angle between the incident beam and the surface
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normal), and the azimuthal angle @ (angle between the plane
of incidence and the laser scanning axis) being investigated
(Figure 1b).

The beam impinging to the crossed 2D grating exhibits a
conical diffraction, having the four main planes of diffraction
(Figure Ic): Plane of incidence (P, Figure 1d), that is the
plane of the incident and the reflected beam, perpendicular
plane (PP, Figure le), that is perpendicular to the plane of
incidence, and 2 diagonal planes (DP, Figure If), that are at
45° with both PI and PP. The positive and negative diffraction
orders are different in PLand DP (m = +1 and —1, m = +2 and
—2), while in PP, these are similar (n = +1, +2) due to the
symmetrical diffraction conditions. The p-polanzed light has
an electric field lying in the PI, while the s-polarized light has
an electric ficld parallel to PP. As mentioned, plasmons are
excited when the beam is diffracted at 90° to the normal and is
parallel to the surface (the cutoff wavelength). Thus, in such a
grating of 1 ym period, the beam diffracted in the first order
excites them with the IR spectral part, while the second-order
diffracted beam, with a visible or UV range wavelength.

The plasmonic response of the fabricated periodic gratings
was measured using a spectrophotometer (Photon RT,
Essentoptics). The reflectance spectra of the arrays were
analyzed to determine the position of the plasmon resonance,
as evidenced by a decrease in reflectance upon absorption of
the incident radiation. A light beam with a 2 mm-diameter
circular spot was used. The were obtained using
both s- and p-polarized radiation, in the spectral range of 400—
1600 nm with a step of 4 nm. Most measurements were
performed at a single angle of incidence (¢ = 8”); however, to
assess the effect of angle, measurements were also obtained at
15° and 30°. Additionally, the azimuthal angle @ of the sample
was changed by 15” so that ¢ = 07 was considered when the
spectrophotometer plane of incidence was parallel to the laser
scanning lines, ¢ = 45° when oblique to the scanning lines, and
¢ = 90° perpendicular to them.

Since the presented DLW method enables easy morpho-
logical tuning by adjusting the deposited energy, it is possible
to produce differently shaped structures within the same
grating in a single fabrication step. This allows the production
of distinct profiles between adjacent or in each second line in
the grating. Spectral comparison of uniform bumps, bump-
cone, and bump-jet gratings showed that the sharpest resonant
peaks are obtained with bump gratings, and greater

\ N Snt kldﬁ to N d 1 ced

near-identical spectra at ¢ = 0% and ¢ = 90° imply that the
grating is uniform along both the scanning and perpendicular
axes. Meanwhile, the ¢ = 45° spectra (Figure 2ab; red line)
prove the plasmon excitation not only in the main periodic
array of 1 ym period, but also in a diagonal lattice of \/2 pm
effective period. Also, the 2D crossed gratings support multiple
diffraction periodicities defined by the in-plane lattice vectors
(kg k). The ID-related resonances are associated with (1,0)
and (0,1) lattice vectors and are excited in PI and PP, while
those of 2D origin, with (1,1) or higher-order lattice vectors,
are excited in DP. In further analysis, the observed peaks will
be separated into two groups: primary r es (denoted as
E',,), excited at longer wavelengths in the 8501200 nm range,
and secondary resonances (E, ), excited at shorter wavelengths
in the 600—850 nm range. Near the edge of absorption (550~
600 nm range), shallow tertiary s may also be
observed but will not be widely investigated.

For s-polarization (Figure 2a), at ¢ = 0°/90°, two secondary
E,. dips are observed below the single primary peak E, of the
first-order diffraction at PP. These originate from the 2D-type
diffraction in DP (788 nm for negative and 658 nm for positive
orders). The ces in the d spectra at ¢ = 45°
change as the single 1D-type E, resonance originating at PP
splits into two (positive and negative) 2D-type e
which are excited in the DP of the rotated sample (1100 and
904 nm). Meanwhile, the two secondary E,, peaks observed
from the DP at ¢ = 0° merge into a single peak (720 nm) at ¢
= 45% as it is now excited at symmetrical PP. The transition
from two peaks at ¢ = 0° into one at ¢ = 45° confirms that this
secondary resonance in PP is of 1D-type diffraction origin from
a diagonal grating.

In p-polarization spectra (Figure 2b), the same resonance
origins are observed, with the difference that instead of a single
resonance from PP, the two resonances from PI appear.
Meanwhile, the ginating in DP (E,, at ¢ = 0°
and E, at ¢ = 45°) occur at rather similar spectral positions in
both polanzations (Figure 1), with minor shifts attributed to
alignment inaccuracies at ¢ = 0° and ¢ = 457 angles, leading to
the coupling in a diagonal plane and 2-dimensional diffraction
that is less sensitive to polarization. The two E, 1D-type

r ’ r
resonmccus. This can be attributed to reduced effective
resonance coupling and wider height variations for the out-
of-plane resonant mode. Although such more complex, mixed-
morphology structures are of broader interest, the analysis of
grating-coupled excitation described in this work is most
cleady distinguished in uniform-bump gratings, which exhibit
the sharpest and most distinct resonances.

Figure 2a,b shows the measured reflection spectra for s- and
p-polarizations at azimuthal angles ¢ = 0°, @ = 45°, and ¢ =
90° for the bumps grating with a 1 ym period. In the spectra, at
@ = 0° (Figure 2a,b; black line) and ¢ = 90° (Figure 2ab; blue
line), the first-order diffraction resonance behavior is similar
for both polarizations: one resonance in the PP at s
polarization (996 nm), and two resonances in the PI at p-
polarization (1162 and 877 nm). In addition to these usual
first-order 1D-origin diffraction resonances, other diffraction
peaks are observable. To identify their ongin, spectra were
measured by rotating the sample around its azimuthal axis. The

es at ¢ = 0°/90° originating from PI (1162 and 877
nm) shift closer to each other (1134 and 924 nm) as the
azimuthal angle is changed to ¢ = 45°, and E, are then excited
in DP. At the shorter-wavelength region, the E,, are observable,
where the ones originating in PI at ¢ = 45 are in a wider
wavelength range (824 and 642 nm) than the ones excited in
DP at @ = 0°/90° (800 and 670 nm). Finally, the tertiary
resonances are observed in the lowest wavelengths (596 nm at
@ = 0°/90°) just before the gold absorption zone. All the
components that are visible in Figure 2a,b are visualized in
Figure 2c,d with respective directions.

Since the resonant excitation is of diffractional origin, the
diffraction grating equation can be employed to theoretically
evaluate and comp lly observed resonant
wavelengths. For a squared grating, the 2D diffraction formula
for plasmonic excitation can be applied to calculate the
resonant wavelength:®'

the experi

D Pt/ 0y 10,1021 /0c3ami 6COA043

ACS Appl. Mater. iterfoces XXXX, XX, XI06-X00X

166



ACS Applied Materials & Interfaces

www.acsaml.org

A

= 2 msinf
res, 2D (mz + "1)

+ z (m +n?)=n sm’ﬂ]

Y 3
where s is the grating period, m is the diffraction order in
direction parallel to the plane of incidence, n is the diffraction
order perpendicular to the plane of incidence, @ is the angle of
incidence, and &y, is the dielectric constant of gold. According
to th)xs notation, the diffraction of 2D-origin is denoted as
(m;n).

As the crossed 2D grating is composed of two orthogonal
1D arrays, the theoretical values can also be calculated using
the simplified 1D diffraction grating formulas,**** which
represent special cases of the 2D formula. When the electric
field oscillations are perpendicular to the 1D grating lines
(diffraction in PI, p-polarization case), the grating vector is
parallel to PI, while the perpendicular component does not
contribute. In this (m;0) case, the resonant wavelength is
expressed as

| €Ay
V144,

s
T— -—[sin() F
o 0
For the case when the electric field oscillations are parallel to
the grating lines (diffraction in PP, s-polarization) and PI does
not contribute, the (0;n) case wavelength is given by

s _ sin%g
n\ 1+ g, (s)

The calculated resonant wavelength dependence on the
grating period at a constant incidence angle of 6 = 8 is
presented in Figure 2e. The results are shown for the first
(solid lines) and second (dashed lines) orders of 2D-type
(green lines) and ID-type (black and red lines) diffraction.
Black lines cor d to s-polari (0;n), while red lines
correspond to ppolamauon (m;0). 2D-type diffraction is
observed at lower gths than di jonal diffrac-
tion, occurring between the first and second orders. The
experimental data extracted from the spectra in Figure 2a,b are
indicated by discrete symbols: data points at a period of 1 ym
for ¢ = 0°/90° are shown as squares, while those at a \/2 pm
period for ¢ = 45 are shown as diamonds. Filled symbols
denote the primary resonances (E,), whereas empty symbols
correspond to secondary resonances (E,.), and filled gray
symbols mark the tertiary resonant wavelengths. Great

bety the experi | data and the theoretical
curves enables unambiguous identification and assignment of
the resonances to their diffraction origins.

At = 0°, the observed E__ resonances are attributed to the

first-order 1D-origin dlfﬁ'\ctmn In s-polarization, the reso-
nance in PP corresponds to the (0; +1) diffraction, and in p-
polarization, the resonances in PI are (—1,0) and (1;0).
Meanwhile, the E_ of both polarizations excited at DP are
associated with the first-order 2D-type diffraction. Specifically,
the resonances near 800 nm are assigned to (—1; x1), and the
ones around 650 nm correspond to (1; %1). Under p-
polarization excitation, a shallow tertiary resonance is observed
below 600 nm. It coincides with the (=2;0) curve, indicating
that higher-order modes of both repetitive 1D-type and 2D-
type diffractions are excited at shorter wavelengths. At ¢ = 45,

'lmulD.s pad = :t

the excitation occurs in a diagonal grating with /2 ym
effective period. Here, primary resonances E for both
polarizations are excited in DP and accurately mnlch the 2D-
origin diffraction curves of (—1; #1) and (I; +1). §-
polarization data (black solid diamonds) fit perfectly with
the theoretical line, while the p-polarization results (red solid
diamonds) exhibit a slight deviation. This discrepancy can be
attributed to the oblique excitation and the presence of an out-
of-plane component in the p-polarized field, whereas the s-
polarized field remains entirely in-plane. Secondary E
r es (empty di ds) coincide with second-order
ID-type diffraction curves: p-polarized resonances excited in
PI correspond to (~2;0) and (2;0), and s-polarization in PP
matches the (0; +2) curve. Again, under p-polarized light,
observed tertiary resonance below 600 nm matches the (=2;
+2) curve, further confirming the repetitive excitation of
higher-order modes. In this diagonal case, the first-order 1D-
type diffraction at longer wavelengths is not observable,
meaning the efficiency of this component is too low for the
excitation. Summarizing the observations, azimuthal rotation
alters the lattice of exatation, leading to a changed resonance
origin. Main grating (¢ = 0°/90°) primarily excites 1D-type
diffractional resonances in PI and PP, with the following 2D-
type diffraction peaks obtained in DP. In a diagonal grating (¢
= 45°), primary resonances originate from 2D-type diffraction
in DP, followed by higher-order 1D-type diffraction in PI and
PP. This whole analysis and attribution of the peak origin is
summanzed in Figure S2.

The obtained plasmonic peaks were characterized by
measuring their width and depth and by determining the
quality factor (Q-factor), defined as the ratio of the resonant

length to the e width (Q = A/fwhm). Also, a
modified quality factor (MQ-factor) mdudmg the depth of the
peak i was calculated for the comparison of its intensity:

MQm —H
FWHM-100% (6)

The exact ¢valumon of the peak depth and MQ-factor is
described in.*" The E,, e qualities were d at

azimuthal angles of ¢ = 0°, g = 4S° and ¢ = 90° to compare
the values. The results are given in Table 1. The calculated

Table 1. Q-factor and MQ-Factor of the E,, Resonances in
the Bump Grating at ¢ = 0°, 45°, 90° Azimuthal Angles

Q-factor MQ-factor
il 1, P" b 1 P-l
angle —m/im —m/4m —m/em i sm
p=0" 762 68.8/48.6 192 14.2/69
(1D-type)
@ =45 83.5/66.8 T46/44.4 115/9.15 21.1/62
(2D-type)
= 90° 734/495 81 19.5/89
(1D-type)

values confirm a previously determined trend:*? resonance in s-
polarization is stronger at ¢ = 0°, whereas in p-polarization it is
stronger at @ = 90°. However, the difference in quality is
minimal, and both azimuthal angles can be used for
measurements. At ¢ = 457, when the diagonal grating becomes
dominant, and the origin is changed from 1D to 2D-type, the
qualities of shifted resonances increase a bit for negative
and decrease for other orders of diffraction. Meanwhile, for the
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E_, component (Table 2), the qualities are higher at ¢ = 45°
for p-polarization peaks when the excitation is 1D-origin, Peaks

2.2. Rotational Plasmonic Properties in the Azimuthal
Angle

To gain a deeper understanding of resonance spectral

Table 2. Q-factor and MQ-Factor of the E_, R

the Bump Grating at @ = 0°, 45°, 90° Azimuthal Angles

reflection spectra were measured at azimuthal
anglcsfmmlp 07 to ¢ =90 in 157 steps. By changing this
angle at a constant # = 87 angle of incidence, a clearer

S i ce shift from ¢ = 0° to @ = 45° and back is observed,

) " B L Py as represented in Figure 3ab. Each curve exhibits several
angle —m/sm —m/m —m/+m —m/+m reflection minima corresponding to plasmonic resonances
=0 (2D-  $8.3/38 36.6/35.3 7/44 44/33 excited at different diffraction orders and planes. Here, the
type) primary E,, resonances in the near-IR (850-1200 nm range)
WUS:W() 2845 $9.3/368 49 89/37 are circled in blue, and the secondary E,, resonances (650-850
F o o nm range) are circled in green. The exact resonant wavelength
';’P‘:)(ZD Wi 99 BT a value tf;dencies are depicted in Figure 3cd, with blue lines

s

g E;, and green lines marking E,.. Upon rotation, the E;,

in s-polarization, however, are of higher quality at ¢ = 07, since
the one at ¢ = 457 is broader. The Q-factor of the described
periodic gold bump reaches up to 70—80 for primary
resonances E,,, while it is rcdu::ed to around 60 for secondary

resonances split into two, reaching maximum separation at ¢ =
45° in s-polarization and at ¢ = 0° in p-polarization, whereas
the E,, resonances show the opposite behavior. This periodi
splitting-merging with ¢ is a consequence of the conical
diffraction behavior occurring in the crossed grating. The
1 nt of the incident wavevector is projected

E,, resonances. The Q-factor is i ed by the in
the structure size, shape, and periodicity, as well as diffractive
coupling into several lattices simultaneously, which can reduce
the coupling efficiency, broaden the peaks, and reduce this
parameter, In the literature, the described Q-factor of self-

differently onto various lattices of the sample as it is rotated,
and the change between 1D-type and 2D-type diffraction is
happening,

At the intermediate angles (15° 30° 60° 75°), several

assembled lattices reaches up to 20, higher
qualities (over 300) are achieved using isolated periodic
nanoparticles that excite SLR,”" while similar periodic
structures with a gold layer in between reach around 70—
140,"" depending on the structure size.

hall peaks can be observed close to each other,
with several of these attributed to thc sluﬁmg resonance of
cither E,. or E, with the ch and coupling

lattice, At such angles, the incident wavevector is pro;eaed
onto several lattices, and neither the main nor the diagonal
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Figure 3. Reflectance spectra of gold nanobumps grating with a period of 1 um at different azimuthal angles from ¢ = 07 to ¢ = 90° wkh astep o(

157 for (a) s- and (b) p-polarization, Blue circles indicate the primary resonances, while green circles indicate the
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Figure 4. FDTD simulated (black line) and experimental (red line) reflectance spectra of s-polarized light resp from gold
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period of 1 um at & = 8°, The spectra are shown for azimuthal (3) ¢ = 0°, (b) ¢ = 15°, (c) @ = 30° and (d) ¢ = 45°. Blue circles indicate the
primary E, resonances, while green circles indicate the secondary E‘, fesonances, Insets show the side-view profiles of the simulated near-field
di

enhancement on the structures at the corresp I3
grating diffraction condition is strictly satisfied. This leads to
excitation coupling across several planes and to reduced
coupling strength for each in-plane mode. For example, at ¢ =
15 in s-polarization, two shallow ovedapping peaks are
observed at 1050 and 1029 nm, which may arise from coupling
to several lattices with similar effective periods. Also, some of
the addmoml dips can be expl.\med by the influence of
th ization, as d d in Figure S3. At angles ¢ =
15° and (p 5% two E,, peaks at 652 and 678 nm, and at 651
and 684 nm, respectively, are observed in both polanzations,
differing only in intensity. The same is observed for E, at ¢ =
30° and ¢ = 60°, the resonances being at 892 and 948 nm, and
at 897 and 933 nm, respectively. Other resonant peaks are
observed in both polarizations, albeit with lower intensities.
Such a tendency illustrates the coupling between the two
polanzations into main or diagonal gratings at nonperpendic-
ular azimuthal angles. The depth and width of the resonant
peaks are indicative of the coupling rate through the specific
diffraction plane and of the metal’s intrinsic losses. Sharp and
deep dips indicate efficient diffractive momentum matching,
whereas broad, shallow features indicate weak coupling. The
observed peak narrowing and broadening with ¢ indicate
angle-dependent coupling, which was most effective for the
(1,0) and (1,1) lattices at 0° and 45°, whereas at intermediate
angles the peaks were shallow with modest diffractive coupling,
The polar plots in Figure 3ef provide a visualization of the
angular evolution of the resonant wavelength for the E, and
E,, modes in the main and diagonal gratings. The resonances

produce a four-lobed pattern 1hgncd with either pdnclp.\l
grating axis or along the di |
pattern across the entire azimuthal rotation. The alignment of
the lobes along the main axes demarcates the blueshifting
peaks, while the lobes along the diagonals denote the
redshifting resonances as the excitation plane undergoes a
transition from main to diagonal grating (from ¢ = 0° to ¢ =
45°). A general trend emerges that is consistent across all
resonances. The modes exhibit minimal splitting and merge
upon excitation by 1D-type diffraction in PP. An intermediate
interpeak distance is observed with 2D-type diffraction at DP,
and the I.ugcst splitting is attained at 1D-type PI excitation.
To comp t the exp al observations and verify
the origin of the observed resonances, the optical response of
the 2D periodic gold-bump grating was modeled using the
Lumerical FDTD solver. To model the 3D structure (2D
grating), we defined a unit cell with Bloch boundary
conditions, based on Bloch—Floquet theory,”"® in the
direction perpendicular to the grating and with perfectly
matched layers (PMLs) in the light-propagation direction. This
configuration enables the simulation of a periodic structure
with a precise mesh. The unit cell, with a periodicity of 1 ym,
consists of a dielectric material with refractive index n = 1.51 at
900 nm (Soda-Lime Glass™) and is topped by a 100 nm-thick
gold layer. As illustrated in Figure la, the bump is modeled
with a height of 270 nm and a diameter of 550 nm. The bump
consists of a 65 nm-thick shell, and its interior is filled with a
medium of refractive index n = 1. The gold material is

rating a ¢
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Figure 5. Top-view FDTD simulations of s-polarization near-field enhancement on gold nanobumps with a period of 1 gm at the resonant

wawelengths for (a) @ = 0°, (b) @ = 15% () @ = 30°% and (d) ¢

45" azimuthal angles. The first and second rows depict the pnmary E,

resonances for negative and positive diffraction orders, respectively, while the third and fourth rows depict the secondary E,, resonances for negative
and positive diffraction orders, respectively. Orange arrows indicate the light incidence direction, and yellow arrows denote the electric field

oscillation direction, Graphs obtained at 87.5% of the structure’s height.

descnbed using the optical constants from Johnson and
Christy.” To account for the oblique incidence used in the
experiment, the simulation employs Lumerical’s Broadband
Fixed Angle Source Technique (BFAST), which enables
oblique illumination by correcting the phase according to the
incidence angle.”” The 3D simulation provides the trans-
mission and reflection spectra and the electric-field distribution
parallel to the surface, evaluated at different heights. In
addition, the 3D model enables the extraction of the electric-
field distribution along an oblique vertical cross-section, which
cannot be obtained from standard two-dimensional simula-
tions, by slicing the full 3D tensor field. Since the source is
planar and normalized, the local E; and E,, fields represent an
increment attributable to plasmonic resonances.

The simulated reflection spectra and near-field distributions
provide direct insight into the diffraction-based plasmonic
mode excitation and its dependence on polarization and
azimuthal orientation. Figure 4 presents the spectra of s-
polarized light, with black lines representing the simulated
response and red lines representing the experimentally
measured reflectance, Peaks marked in blue are attributed to
E,, resonances, while those marked in green are E,. A
comparison of the simulated and experimental spectra and
resonances reveals a strong coincidence in both spectral
positions and overall peak behavior across the shifted
azimuthal angle. There is only a slight shift of the simulated
peaks toward longer wavelengths relative to the experimental

peaks, which may arise from nonideal grating fabrication and
the use of ideal hemispherical structures in the simulation.
Consistent with the experimental observations, the strongest
peaks, with the largest intensity drops, are observed at ¢ = 0°
and @ = 45° for the E,, resonances. Meanwhile, the peaks at
intermediate azimuthal angles are low in intensity because the
incident direction is not matched to the grating and is not
optimally aligned with the dominant grating. Since the
resonances at @ = 0° and @ = 45° are already identified,
their origin is labeled, while for intermediate angles, peaks are
not uniquely attributable to a single diffraction lattice and are
therefore distinguished only by their positive (+m) and
negative (—m) diffraction orders.

The cross sections of the insets in Figure 4 are obtained at
the plane of electric field oscillations according to the azimuth.
All plasmonic excitations obtained with s-polarization are in-
plane modes, with near-field enhancements along the sides of
the structure. The field is distributed uniformly, with two lobes
at angles where the incident plane aligns with the main or
diagonal grating (Figure 4a,d), thereby enabling efficient
coupling and deep resonances. Azimuthal changes to ¢ =
15° and ¢ = 30° result in asymmetric field localization on
either side of the structure. This phenomenon may coincide
with positive and negative diffraction orders, as observed for
E,, resonances, and appears due to the coupling not confined
to the single lattice,
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These simulations also enable the demonstration of the
hybnd origin of the resonances (HLPRs) and their distinction
from SLRs. Typical SLR systems are composed of isolated
metallic nanostructures, and their LSPs are coupled via in-
plane photonic diffraction modes, whereas the structures in
this work are connected by a continuous gold film and coupled
by surface waves (SPPs). Similar hybrid excitation in metallic
structures with a thin film was observed in other
publications."“*™"" The simulation of the response spectra of
our periodic bumps (HLPR excitation) and identical structures
without the film (theoretical SLR excitation) revealed a
significant difference (Figure S4a—c). Since our structures
are covered with a highly reflective gold film, the resonances
can be characterized by reflectance measurements. Meanwhile,
bumps without film between the structures result in a low
reflection response, as transmission through those regions
increases, A direct comparison was performed using the
extinction calculation (Figure S4¢), eliminating transmittance
and reflectance (100%-R-T), Although resonant peaks are
observed in the bump without gold film arrays at similar
positions, they are much less pronounced, indicating that a
continuous gold film enhances coupling efficiency by involving
SPP modes. Additionally, insight into the near-field side-view
profiles of the primary E,, resonances at ¢ = 0° was performed
(Figure S4d,e). It revealed that the field is not confined to the
individual structure and its sides but extends along the metal
surface and penetrates into the thin gold film with a

characteristic decay length. This observation proves SPP
excitation in the metal layer, thereby confirming coupling via
surface waves and HLPR ongin.

Top-view simulations of the near-field at the periodic
nanobumps provide deeper insight into plasmonic mode
excitation. Figure 5 presents the spatial localization of
plasmonic modes excited under s-polarization, where each
column corresponds to a different azimuthal angle, and each
row shows a different diffractional order of E,; and E,.. At ¢ =
0° (Figure Sa), where the plane of incidence (orange arrow) is
aligned with the main grating axis, a strong field localization is
observed at the edges of the nanobumps along the direction of
electric field oscillation (yellow arrow). Both E, and E,
resonances exhibit similar field alignment along the main
lattice, indicating that this plane is superior in that
configuration. It is noteworthy that the E_ resonances at 799
and 678 nm exhibit lobes oriented at the corners, indicating
diagonal 2D-type excitation. When the azimuthal angle is
increased (Figure Sb,c), the near-field profiles exhibit a
noticeable asymmetry and a rotation of lobes. This rotation
reflects changes in the in-plane component of the wavevector
that contribute to plasmonic excitation. At E,, resonances, a
stronger lobe is observed, with hotspot localization maintained
along the main axis in PP, with a contribution from the rotated
electric field at an angle. M vhile, at E,, r ces, a
moderate angular electric-field contribution i also observed; in
this case, the lobes are orented, and the field is more
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Figure 7. Top-view FDTD simulations of p-polarization near-field enhancement on gold nanobumps with a period of | gm at the resonant
wavelengths for (a) ¢ = 0% (b) @ = 157, (c) ¢ = 30°, and (d) @ = 45° azimuthal angles. The first and second rows depict the primary Eg
resonances for negative and positive diffraction orders, respectively, while the third and fourth rows depict the secondary E,, resonances for negative
and positive diffraction orders, respectively, Orange arrows indicate the light incidence direction, and yellow arrows denote the electric field
osdillation direction. First row graphs were obtained at 100% height, while others—at 87.5% height of the structure.

concentrated along the diagonal axis. In both cases, there is a
noticeable 15° and 30° azimuthal influence determining lobe
orientation. Finally, at ¢ = 45° (Figure 5d), the incident beam
is aligned with the diagonal grating direction, and the near-field
hot spots across all resonances are distributed along the
diagonal lattice axis, indicating efficient coupling into this
grating configuration.

Comparing experimental peaks and their quality led to the
conclusion that s-polarization resonant peaks at ¢ = 0° are
narrower than those at @ = 45°. Meanwhile, the FDTD-
calculated graph comparison in Figure 4a,d shows the opposite
trend, with much narrower, deeper peaks at ¢ = 45°. Such a
theoretical discrepancy can be explained by analyzing the top-
view near-field enhancements of the E,, peaks in the structures
(Figure 5a,d). At ¢ = 0°, the coupling is governed by
diffraction and plasmonic excitation along a principal lattice,
leading to interaction between neighboring structures only in
this axis, and coupling being defined by the lattice period. In
contrast, at @ = 45° (Figure 5d), the excitation involves a 2D-
type diffraction condition, where near-field maps reveal that
the coupling is not based on direct longer-period (\/2 pm)
interaction. Instead, the stronger coupling in the diagonal is
achieved through the interaction of shorter effective coupling
pathways through the neighboring structures. Such shorter
interaction length leads to smaller damping and more

pronounced resonant peaks. However, the experimental
gratings suffer from irregularities in the period, which are
more significant in the diagonal lattice, thus leading to reduced
coupling efficiency and shallower peaks.

The simulated reflectance spectra for p-polarization are
depicted in Figure 6. Similar to s-polarization, the simulated
resonances are slightly red-shifted relative to the experimental
resonances. From all angles, the E|, negative peak retains its
depth and is the most intense resonance. Near-field
simulations (insets of Figure 6) prove that this resonance (at
~1180-1190 nm) is an out-of-plane mode with the field
localization at the top of the structure. Unlike other
resonances, this resonance depends strongly on the structure’s
shape and height."' The remaining spectral peaks are caused by
the in-plane modes, characterized by the field localization at
the lateral boundaries of the nanobump. While in the s-
polarization case, the E,, positive resonance manifests as two
lobes at @ = 0° and ¢ = 45” angles. Under p-polarization, this
resonant mode exhibits field localization only at a single side of
the structure across all azimuthal angles, and the field is
positioned at the side of the incident beam. This indicates the
nonuniform excitation conditions of the positive and negative
order plasmonic modes under p-polarization at zero azimuth.
Meanwhile, at s-polarization, the excitation conditions are
uniform since the field is perpendicular to the plane of
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incidence. Similar to the experimental results, near the
attributed E;, and E,, resonances, some additional peaks are
visible (Figure 6b,c) that are due to coupling into several
lattices excited with both polarizations (similar to Figure S3).
The top-view graphs of the ntu-ﬁeld at the resonant

hs under p-pol i { in Figure 7.

The ﬁrst row cvidendy illustrates !hc oumf -plane mode, with
excitation located at the apex of the structure and a uniform
field surrounding the bump across all angles. As in the s
polarization case, at ¢ = 0° (Figure 7a), the plane of incidence
is aligned with the main grating axis, resulting in field
localization along the sides of the nanobumps in this direction.
In the case of p-polarization, the positive diffraction orders of

both E;; and E, resonances experience enhanced field on the
incidence side of the structure, whereas the negative order of
the in-plane E,, mode is more p ed on the propagati

side. This singic-sndcd field asy-mmeu'y at positive dm'raaion
orders persists through all azimuth d. The
change in the ¢ angle further confirms the primary governing
grating for the resonant modes. At ¢ = 15° and ¢ = 307, the
near-field of E, is maintained along the main grating axis,
exhibiting a shght influence from the shifted excitation angle.
Conc the E, und a shift in respect to the
azimuth, wlth the most ngmﬁant enhancement occurning
within the plane of incidence, while a portion of the field is
oriented along the diagonal axis, When at ¢ = 45°, the diagonal
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plane becomes dominant (Figure 7d), the field becomes
exclusively localized along the diagonal axis for all in-plane
resonances,

The simulated Figure 54 graphs also give insight into the
polarization mode origin. For the isolated bump array (without
the gold film), which corresponds to a conventional SLR
system, a weak resonance is observed only in s-polarization at
1000 nm, indicating lattice-diffraction-coupled LSPs. For
bumps with a Au film, the resonance persists at a similar
position but with higher intensity, suggesting that this mode is
SLR-mediated and greatly enhanced by interactions with SPPs
in the metal film. Meanwhile, for p-polarization, strong
resonances appear only in the presence of the gold film,
indicating that the mode origin is more closely related to the
grating-excited SPPs when the electric field component is
normal to the metal surface.

corresponding to transitions in coupling between the
perpendicular principal lattices. A further reduction of the in-
line period leads to the formation of anisotropic gratings that
approach quasi-ID and 1D behavior, in which isolated
resonant peaks dominate. = These results show that while
rectangular lattices provide increased flexibility and access to a
richer k-space, they also introduce complexity in resonance
behavior due to anisotropic coupling conditions. Therefore,
the following research will focus solely on the symmetric
grating, which offers more intuitive and more easily defined
resonance control.

2.3. Double-Angular Control of Resonant Wavelengths
To further explore the angular dependence of diffractively

coupled plasmonic excitation, the azimuthal rotation study was
extended to dnferem a\ngles of incidence. This approach

Summarizing, a more pronounced directional y is
observed under p-polarization excitation, orniginating from the
electric field vector and its coupling to the SPP modes. Given
the excitation's oblique angle and the electric field’s
component parallel to the plane of incidence, the diffraction-
based excitation of the SPPs modifies the wavevector in
opposite ways for positive and negative orders. This imbalance
in momentum matching manifests as a single lobe in the near-
field for p-polarization r es. C ly, under s-
polarization, the electric field is perpendicular to the m:ldence
plane, resulting in a sy ric coupling to both p
directions.

One of the advantages of the DLW method is the flexibility
in fabncanng freely chosen lamce geometries, For further

grating-coupli ion, bump gratings with
rectangular symmetry were fabricated by reducing the in-line
period along the scanning direction (0.865 and 0.78 pm),
while maintaining a constant 1 um perpendicular periodicity.
The comparison of the reflectance spectra is given in Figure
S5, The square lattice (Figure 55a) exhibits smooth, symmetric
resonance shifts with azimuthal angle (marked with dashed
lmes), wnh snmllar responses at ¢ = 0° and i = 90° due to the
from the principal 1 pm-period
lamce to the dmgoml lattice and back to the | ym-lattice.
Since the in-plane ¢ t of the incident wavevector is
perfectly aligned with either principal or diagonal lattices at the
azimuthal angles of = 0/90° and ¢ = 45° (Figure S5a(ii)),
the most efficient coupling and thus the sharpest resonant
peaks are observed at these high-symmetry angles, with the
reduced coupling efficiency at intermediate angles.

In contrast, the rectangular arrays (Figure S5b,c) exhibit
more complex and fi ted spectral behavior due to
symmetry breaking and changes in diffraction-mode excitation
conditions along the two principal lattice directions. Such
anisotropic excitation conditions affect not only the mismatch
in resonant wavelengths at ¢ = 0° and ¢ = 90° but also the
coupling to different lattices at intermediate azimuthal angles.
At 0.865 um in-line period, the additional effective coupling to
oblique lattices is achieved at ¢ = 30° (lattice vector of (2,1))
and ¢ = 60° (lattice vector of (2,3)). This makes the resonant
peaks at these angles more pronounced than at other
intermediate angles. In contrast, at 0.75 ym in-line period,
the effective diffraction-based coupling is achieved at ¢ = 15°
(lattice vector of (5 l)) and @ = 45° (lattice vector of (4,3)).
In such a rectang; the r ¢ shift does not
follow a continuous trend but instead exhibits a nonuniform,
fragmented shift, with discontinuities (around @ = 45°)

L3 L

bles double-angular pulation of the es. The
sample was measured at incident angles 6 = 87, 157, and 30°, at
the same (p as previously, with a 15° step, Figure 8 presents the
experimentally determined dependence of wavelength on
imuthal angle, acc g for the angle of incidence. The
measured reflectance spectra at @ = 15° and 30°, with
resonances attributed to primary or secondary, are shown in
Figure S6. Since @ impacts the diffraction condition, the
plasmonic excitation highly depends on this parameter as well.
An increase in the angle leads to an increasing separation of the
diffractively coupled resonances at PI and DP (p-polarization
and s-polarization ), and a redshift of the single resonance at PP
(s-polarization). Angular shift leads to a redshift of negative
and a blueshift of positive order of diffraction resonance in p-
polarization (Figure 8b,d). Meanwhile, the s-polarization
(Pigure 8ac) response depends on the azimuthal angle: a
blueshift of resonances is observed at azimuthal orientations
close to the 1D-type excitation in PP (¢ = 0°/90° and 15°/75°
for the E_, and ¢ = 45° and 30°/60° for the E,). At other ¢
angles, the same tendency as in p-polarization is maintained,
with a redshift of negative order resonance. This indicates that
polarization also plays an important role in determining the
diffraction-induced plasmonic excitation, and which angular
shift, azimuthal or excitational, has a greater effect on the
resonant spectral position. It has been demonstrated that a
larger incident angle yields steeper dependence curves,
indicating more sensitive resonance control with an azimuthal
shift. The overall spectral dispersion with incident angle is
weaker for the secondary modes (Figure 8cd). At higher
incidence angles (Figure S6d), the separation of the resonant
modes becomes pronounced, shifting the positive diffraction
order into the metal absorption zone, where it is no longer
observable. Meanwhile, additional unassigned resonances
(Figure S6b,d) emerge in the spectra. These originate from
higher-order diffractions that redshift out of the gold
absorption zone as the incident angle increases. Figure 8
insets of the polar plots demonstrate that peak shifts exhibit a
su'm.hx tendency across all incident angles, emphasizing the
| try of the es, Such double-angle
control enables continuous tuning of the plasmonic excitation
conditions without altering the grating geometry.
By lmplemenung eqs 3—5, the tendency for resonant
e on the incid angle was calculated
and presented in Figure S7. The results are depicted for the
special case of 1D diffraction (Figure §7a), calculated using 4)
and (3) formulas, as well as for the 2D diffraction (Figure
§7b). Marked symbols, representing experimental values, are in

hitps /ol 010102 1/acsami 604043
ACS Appl Mater. intesfaces OO0, XX0K, XXX~ X000

174



ACS Applied Materlals & Interfaces

WWW.acsami.org

24

204 E, E
\ u ok
e

y 815"

2\ \
4.!& ‘S\v,,’ }-“ }\ 4‘\~
,?\\, r'e s s
G e + + + T
s0+d) 8=8° Bpol- ) 8=15°
E, E
24 S S
——

-m+
tm
20+ 4
g o
AL S / = T~
‘~:\’"‘, ‘-\

Aznmulhal angle (")

Figure 9. Modified quality factor dependence on the azimuthal angle for the exp I es obtai

& A~ — c- \\ / \J
v P . V= v Ve
B p e AN A ﬂ/ :>\/ | \\/ el
P& by " I —_— ~
o4 1 + + + ‘ - + J 1 . e = S b m———
] 15 45 75 ) 15 B a5 ) 5 %0 15 30 45 80 7e 50

Azimuthal angle (")

Azimuthal angle (“)
d under (a—c) s-polarization and (d—

f) p-polarization at (a,d) 87, (d,e) 157 and (¢f) 30” incident angles. Black lines denote E, negative, red lines E, positive, blue lines E, negative,

and green lines E. positive resonances.

consistent agreement with the curves at all three angles of
incidence: 8°, 157 and 30° For diagonal 2D-type diffraction
excitation, s-polarization results exhibit better agreement with
the calculations than p-polarization data, which can be
attributed to the purely in-plane component in s-polarization.
Finally, the qualitative of the has
been performed by evaluating the modified quality factor of
each peak. The tendency for azimuthal rotation with respect to
the incidence angle and polarization is provided in Figure 9.
Unlike the conventional Q-factor, the MQ-factor, as described
in eq 6, in this case, provides a more reliable basis for
comparing resonances across all azimuthal orientations.
N but shall es, obtained at ¢ = 15° and ¢
= 30° may artificially increase and distort the Q-factor
tendency, whereas the MQ-factor simultaneously accounts for
line width and depth, yielding a physically meaningful measure
for comparison. Under s-polarization, the resonance quality is
generally poorer than under p-polarization, as reflected in
lower MQ-factor values. The dominant are primary E,,
resonances with higher qualities, while E_ peaks remain
comparatively weaker. All resonances exhibit a pronounced
maximum at azimuthal angles aligned with the main and
diagonal lattice axes (¢ = 0° and 45°). Such a methodology,
incorporating azimuthal rotation and quality measurements,
could be used to experimentally determine the dominant
diffraction axes of the fabricated grating. Under s-polarization,
for 8 = 8° (Figure 9a), the highest MQ values occur at ¢ = 0°,
followed by a sharp decrease at intermediate angles, indicati
that these resonances are tightly confined to the excitation
along the main symmetry direction of the grating. A moderate
secondary maximum at ¢ = 45” corresponds to coupling nto
the diagonal lattice, although with lower efficiency. Increasing
the incidence angle to 15% and 30° (Figure 9b,c) enhances the

angular selectivity of the peaks, maintaining similar quality
along the main grating and reducing the quality of the
di l-coupled r es, At all incident angles, consistent
with the tendencies observed in Tables | and 2, the s
polarization resonances exhibit higher quality at ¢ = 0° than at
@ = 90°, showing stronger coupling when the plane of
incidence is parallel, and the electric field is perpendicular to
the scanning lines.
Usmg ppolanzatlon, the out-of-plane mode (primary
. —m) domi across all hal angles, with
a pamcuhrly large MQ-factor. At all investigated angles of
incidence, the quality is higher at the ¢ = 907 configuration
(MQ_around 20) compared to ¢ = 0° (MQ around 15),
indicating that p-polarization plasmonic excitation is more
efficient when the plane of incidence and the electric field are
perpendicular to the scanning lines. However, the highest-
quahty resonances are achieved at ¢ = 45° angles,
ing that coupling to a diagonal grating provides
the most favorable conditions. Increasing the incidence angle
improves the peak quality, from MQ = 20 at 8° to MQ = 32 at
30°. Other resonances, though weaker, follow a similar
azimuthal tendency. Overall, a general trend emerges: the
highest-quality peaks are obtained at excitation angles aligned
with either the main or the azimuthal lattice direction, with a
sharp drop in quality at intermediate angles. This behavior
reflects the symmetry of the 2D grating and a directional
dependence of the diffraction-coupled resonances.

3. CONCLUSIONS

In this paper, we have insightfully studied the diffraction-based
excitation of the hybrid plasmonic resonances in a 2D periodic
nanobump grating. The resonances, arising from the hybrid-
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ization of grating-induced surface plasmon polaritons, localized
surface plasmons, and diffracted light at the lattice, were
identified and assigned to their origins. The experimentally
ohterved spectral features are well described by hybrid lattice
es, whose beh is governed by coupling
to the array’s main or diagonal axes. The results were fully
supported by combining angle-resolved reflection measure-
ments with theoretical grating-diffraction formulas, FDTD
simulations, and near-field mappings. The azimuthal-angl
study revealed strong directional selectivity in the modes,
thereby providing additional spectral tunability of the resonant
peaks. The ! h ically shift with
azimuthal variation due to lhc varying in-plane :omponznn of
the diffracted wavevectors. Near-field simulations demonstra-
ted that s-polarization generates more symmetric in-plane field
distributions, whereas under p-polarization, asymmetric single-
lobe are obtained due to oblique excitation. A
thorough analysis of the modified quality factor indicated that
the high-quality resonances are obtained when the excitation is
aligned with the high-symmetry directions of the lattice —
either along the main grating (¢ = 0°, 90°) or along the
dlagonzl axes ((p 45°). Fmally, the novelty of this work lies in
the ation and i ion of dual-angul. comrol of

4.4, Theoretical Calculations

R 1

ths for p were computed using
the 2D diffraction. grating furmuh with gold dispersion taken from
Johnson and Christy.

4.5. Numerical Modeling

N ical i were perf( d using the 1 ical FDTD
solver. A single unit cell of the 2D periodic gold-bump grating (period
Ax = | pm) was modeled in 3D using Bloch boundary conditions
along the periodic axis and PML in the propagation direction. The
substrate (1 = 1.51 at 900 nm), the 100 nm gold layer, and the bump
geometry (from SEM measurements) were defined as in the
experiment, with the bump interior assigned n = 1. Gold dispersion
was taken from Johnson and Chrsty. Oblique illumination was
implemented using BFAST, with a broadband source from 400 to
1600 nm and 1 nm spectral resolution. A uniform mesh was used,
obtained by discretizing the unit-cell period into 32 points (mesh size
d, = Ax/32). A time-step multiplier of 0.9 was applied to avoid
instabilities arising from dispersive materials under oblique incidence.
Simulations were performed for the same inddence angles as in the
experiment (6= 87, 15, 30°) and for both s- and p-polarizations. Due
to sy Y hal angles were lated only from 0° to 45° in
157 steps.

Oth-order reflection spectra were obtained using 2D frequency-
domain FDTD power monitors positioned above the gold structure.
Electric-field distributions were computed using a full 3D monitor

both azimuthal and incidence angles, further exp g the
resonance control region across the entire Vis-NIR range.
Overall, the combined experimental-theoretical approach
provides a comprehensive understanding of the excitation
and tunability of diffraction-based plasmonic resonances in
symmetric 2D arrays,

4. EXPERIMENTAL SECTION

4.1. Materials

A 100 nm-thick gold film was deposited on | mm-thick soda-lime
optical glass using a magnetron sputter coater (Quorum Q150T) at a
deposition rate of ~0.26 nm/s.

4.2. Nanostructures Array Formation

Gold nanostructures were fabricated on the thin gold film using direct
laser writing (DLW) using third-harmonic (343 nm) of 300 £ laser
pulses generated by a Yh:KGW-based fs-laser (Pharos, Light
Conversion), Structures were fabricated using a tightly focused
(~800 nm) femtosecond laser beam with 0.8 n) pulse energy to
produce the hemispherical bumps on the surface. The structures were
produced by scanning a laser pulse along a line at a spedfied speed
and frequency, so that individual pulses could be distinguished by the
required period. The period along the perpendicular axis was
determined by the spacing between the scanning lines. The period
of the uniform 2D grating was chosen to be 1 . The size of the
produced symmetrical 2D array was 3 X 3 mm’,

4.3. Characterization

The periodic ardy was characterized using a spectrophotometer
(Photon RT, E ics) and a ing electron mi

(Helios N.moL-anSO) The reflectance spectra in the w:wclrngth
range from 04 to 1.6 um were measured at different light
polarizations (s- and p-polarization) at several incidence angles @
(8% 157, 30°). The azimuthal angle ¢ was varied from 0° to 180° in
15 inarements by manually rotating the sample on the angular scale.
Angle @ = 0° corresponds to the case when the plane of incidence is
parallel to the laser scanning lines, and at ¢ = 90°, the plane of
incidence is perpendicular to the scanning lines. The spot size of the
impinging light was a 2 mm di circle. SEM ch ization of
the bump array was perfc d after refl
ments,

ce spectrum

ing the entire unit cell, enabling the evaluation of in-plane fields
at different heights and vertical oblique field cuts to visualize
resonance profiles to extract a field cross-section at an arbitrary angle
@ from a 2D field matrix The coordinate system is recentered so that
the ongin coincides with the center of the matrix
For a matrix A(i, j, k) of size N, X N, X N, the centered
coordinates are defined as

" N -1 N -1
T AT T,

A linear cut at an angle 6 is parametrized by the line passing
through the origin,

i(r) = ‘-;»msﬂ =i Kr) = '-—W\@ F )

where r € [—d, it + 7, d.\/t;] +;‘0’l. with step of d,, the field
value along the cut is ob(amrd from A(i, j, k) using nearest-neighbor
or bilinear interpolation for noninteger indices. Within the limits of
the matrix, this procedure yields a one-dimensional field profile
corresponding to a slice through the structure at the specified angle;
here, the plane is

r . iz ;
E(r,z) = A(Zfos =iy Zsml) — ek

Each reflect; . PR qui

while near-field calculations at
min per resonant wavelength.

d ~2 min per angle,
Lot ired ~14
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where black dots mark the aligned lattice.
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Figure S6. Reflectance spectra of gold nanobumps grating with a period of 1 pm at different azimuthal
angles from ¢ = 0° to ¢ = 90° with a step of 15° for (a.c) s- and (b.d) p-polarization at (a.b) & = 15° and
(c.d) 8= 30° angles of incidence. Blue circles mark the primary E,, resonances, while green ones mark
secondary E. resonances.
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Figure S7. Theoretically calculated wavelength dependence on the incident angle using (a) 1D and (b)
2D diffraction formula. Curves are calculated for the main 1 pm grating at ¢ = 0° (black, red) and the
diagonal V2 pm grating at ¢ = 45° (blue, green). Experimentally measured primary Ey (solid symbols)
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ARTICLE INFO ABSTRACT
Keywords:

Plasmon resonance

Direct biser writing

Perodic nanostictures

SERS

Gold nanostrueture morphology

Differently shaped periodic gold nanostructures on the surface of o thin metal film are fabricated utilizing the
direct laser writing technique. The variations in the energy of single femtosecond pulses lead to the formation of
morphologically distinet hollow nanostructures. The armys that excite hybridized plasmonic modes are char-
acterized by electron microscopy and assessed for surface-enhanced Raman spectroscopy (SERS). Plasmonic
properties are investigated through SERS using the

TSR +

acid (4-MBA) molecules. The

development of sharp tips in the nanastructures is initiated by the higher-energy laser pulses, while the structure
formation principle itself is altered by the thickening of the film. The change in the structure shape and gold layer
thickness tune the SERS signal and the enhancement factor (EF), leading to an EF of 107, Such a factor enables
the future prospects of the arrays to be applied for single-molecule detection.

1. Introduction

eﬁm [l 1] The plasmonic npprom:h has been widely explored and
d with

the p 1 to achieve high scattering intensities
Raman is a i lytical teck to bling a single malecule level d If the metal particles have
determine the chemical | fingerprint of the molecules based on the non- sharp tips or are spaced several apart, the L can

elastic Raman scattering. During dns phcmmenon o pho(on of a
certain frequency incident on a mol

couple and the hot spots are created, leading to an exueme signal
of the mol

and emits back a photon of a dlﬁelem frequenty. whxd\ (Lffexs from the
absorbed through the vib litional scattering from
the mo.leculu is usually quite mk and the ugnnl is hardly detected,

inside such spot (up to 10 orders of
magnitude) [2,4,6,7]. The use of resonant structure is one way to
generate enhanced Raman seattering. Absorption is dirvectly propor-
tional to the intensity of the molecule’s local electric field, which can be

thus requiring strong ill or high (1l drastically amplified by plasmons, thus the strongest SERS signal is
Away toenhuncethexeaululslouploil the surface plasmons excited at obtained when the excitation wavelength is close to the resonant
the metal-dielectric interface and impl an‘ I | Raman length, as more pk are involved in the of the mo-

py. The locally enh d el gnetic field at the merallic lecular vib 8,9). lengrh d surfa h d Raman
smfnce firmly improves the non-elastic 1g of the molecules in itation sp py experi with well-characterized Ag nano-
close proximity or directly at a surfnce. The overall near- ﬁ-m particle anays have d d that the i SERS EF takes

enhancement is due to the el

with the excitation of localized surface plamlom (LSP) in nanoparticles

and the chemical enb i with the charge transfer be-
twa:_n the analyzed molecules and metallic particles. In terms of SERS
the elecu effect plays nkgyxolemconuibmlng

place at an excitation wavelength slightly blue-shifted with respect to
the peak of the plasmons absorption band [10].

to the significant increase in Raman signal compared to the ch

* Comresponding author.
E-mail address: kerniusvilkevicls @fune lt (K, Vilkevicius).
hittps
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While high electric field enh is already achi ’ina'nglc

icles, the coupled icl ticle or
subsumc suuctures, as well as the use of penodx amays can nddmnu
ally enk the signal [11-13]. The latter exhibit either hybrid
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plasmonic mode with hybridized LSPs and p ing pl polar-
iton along the metal surface, or mdu:elnnux ﬂnsmamwllhperiodi
cally excited LSPs without the metal layer in between [14,15]. In arrays
of manoparticles, whether arranged in an orderly fashion or distributed
randomly, the desired position of the can be adjusted
altering either the pn'ucleluz a"lheorda’edgmmxgpmod (16-18],
SERS i by pling and lapping of dipole
ﬁd(kmlms U ge of the molecul 1rﬁ,lmtni\ehmspot The
highly-enhanced small spacing between metallic structuses for the an-
alyte wrapping can be achieved in several ways. The most common is
nanoparticles set out close to one another (creating dimers) or at the
surfnue nflhe metal [19-2]]. Another way is to modify the already

bri — for ple, by creating gaps in the particles
themselves and utilizing intra-particle coupling or tnking advantage of
the tilting phenomenon in a liquid due to capillary forces and bringing
several structures, such as the rods, into dose proximity with each other
[22.23]. Finally, the plasmonic gap mode is used to achieve efficient
amplifieation by creating Si0; gaps between metal layers or nano-
particles, which alter the efficiency [24-26].

Conventional SERS substrates are based on plasmonie nnmstmmum
duced hemical synthesis [27.30], el beam lith

l° 31,321, ornuloluhogmphy I3, 33-35]. Good mwnducxblllry. homo
geneity, and of pr of the

Applied Surface Science 660 (2024) 160003

states that additionally depend on the gold film thickness enhance the
seattering differently, enabling the tunability of the signal intensity. The
key factor in the different enhancements is the shape change and the
development of sharp tips with hot spots. The strongly improved Raman
scattering shows future p ives for large-scale and effective SERS

: with sing] ability.

I PR

2. Materials and methods
2.1. Material deposition and array formation

The thin gold films on the soda lime glass were deposited using a
magnetron sputter coater (Quorum Q150T) with a deposition rate of
0.266 nm/s. The thickness of the coating was controlled by varying the
sputtering time from 188 to 752 s, corresponding to the thickness from
50 to 200 nm with the step of 25 nm.

The nanostructure arrays in thin gold films were produced using a
direct laser writing technique with third-harmonic (343 nm) of 300-fs
laser pulses generated by YbKGW-based laser (Phavos, Light Conver-
sion Ltd.). The femtosecond beam was tightly focused into approxi-
mately 0.8 um spot using an objective with a numerical aperture of 0.5.

The in periodic alj were d by the specific se-
lection of the sample lrwlnlmn speed and pulm lepetmon rate 50 that
the di: two inthe g axis would

achieve SERS results suitable for practical appl.wnﬂcm (e.g. chemical
analysis). The size and shape of the nanostructures, the distance a.nd gap
size b them, the sub and the ding media

to the SERS signal intensity [1,5.36]. Colloidal nanoparticles are most
commonly used in this field and their easily scalable shape and size
make them suitable for o wide range of wavelengths [37]. Also, the

care-shell and mag; P icles are of high interest due
to the ic field | & of the paiticles for a
higher signal [35-40]. 11'u- widely used spherical ticles have P

be equal to the required period. The energy of the pulses varied from 0.6
nJ in the thinnest layer for the bump formation to 4.0 nJ in the thickest
lnyu'fm' the jet formation. The size of the fabricated gratings was 100 x
100 urn

The nanostructures were ized using a
microscope (Helios NanoLab650). The pictures were taken with a
magnification of 80,000 ata 57 angle. The structures were measured by
ing the SEM images with the ImageJ program.

h 1

moderate, while the aggregates have high Raman ephancement. How-
ever. d\ehlghm m(el'esl these days is for anisotropic nanoparticles with
ds), where very intense SERS

enhnncqngut is observed at the ed;unn'l dmrp tips [5,41,42].
Launsomohheml i anda ile tool for
ion, Itis i pl 1 for particle synthes
and formation using laser ablation [43-45], laser interference lithog
raphy (46,471, laser-induced trnsfer [45), or direct laser writing (DLW)
[49.50]. DLW offers the fast ablation-free fabrication of hollow
parabola-shaped nanostructures on the surface of the thin metal film
{51.52]. Femtosecond pulses induce rmapid phase transitions when the
locally melted layer quickly solidifies. The morphology and dimensions
of the structures are determined by the pulse energy [53 551, DLW
methodology enables the free-form and large-scale periodical arrange-
ment of the structures, leading to the fabrieation of a substrate for the

excimton of hybrid plasmonic modes.

Here, we present the SERS performance improvement by the laser-
induced morphology changes of periodically posmoned metalhc mno-
structures on thin metal film. The energy-d

P ¥

a)

2000m  08nd

Fig. 1. steps for gold

arvays. a) P

2.2 SERS experiments

The 4-mercaptobenzoic acid (4-MBA) monolayer was used as the
Raman teporter 1 the perft of the SERS sul The
fabricated periodi were i 1 in 1 mM 4-MBA of iso-
propanol solution for 6 h. After that, they were rinsed with isopropanol
solution and dried under N; gas.

The SERS measurements on 4-MBA molecules were done using an
inVia Raman spectrometer (Renishaw, Wotton-under Edge) with a
thermoelectrically cooled (-70 'C) charge-coupled device camera and a
long working distance 50x objective having 0.5NA. The Raman mea-
surements were carried out using a 5x/0.12NA objective with a 14 mm
working distance. The diode laser was used as the excitation source with
an average power of 0.8 mW at 785 nm. The 1200 lines/mm grating was
used to record Raman spectra. The accumulation time was 9 5. The
spectra were registered in the optical focus of the integrated confocal
microscope (Leicn). The Raman wavenumber axis was calibrared by the
520.7 cm”’ Si-Si vibrational mode. The mapping was carried out in the 5

c)

of thin gold film with varying sputtenng times to achieve Jifferent thicknesses. b)

DLW of periodic structures with different pulse energies to obtain distinct morphologies. ¢) Analysis of the resulting structures using a SEM,

2
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Fig. 2. SEM images of different structures (bumps, cones, jets) on the various thicknesses of the gold film. The jet thickness is marked by magenta arrows, while the

stratification in the thickest layers is marked by cyan arrows.
pm < 5 pm surface area with a step of 1 ym and a spot size of 1.2 pm.

2.3. Numerical simulation

The el gnetic field distrib of the pl

were caleulated using the finite element method (FEM) implemented in
a commercially available solver (COMSOL Multiphysies). In simulations,
a linearly polarized plane-wave light (785 nm wavelength) was used to
excite the structure at nomal incidence. The rectangular domain con-
sisting of n single nanostructure was used with o periodic boundary
condition. Also, two perfectly matched layers (PML) were adopted
above and below the simulation domain to avoid boundary reflections.
The dielectric function of gold was 1 from Johnson and Christy’s
data [56). The structures were shaped as hollow ellipsoids and cones,
with an additional solid antenna. The structure was surrounded by air
and located on a soda-lime glass sul deposited with a thin gold
film. The size of the structures was taken from measurements of SEM
images.

3. Results and discussion
3.1. Preparation of the periodic gold nanostructure arrays

The present study utilized the swift single-pulse DLW technique to
fabricate periodic gold The pr ion of the sample
before the measurements is shown in Fig 1. Initially, a thin gold film
was deposited on a soda-lime glass using magnetron sputtering The
sputtering time was varied in different samples to achieve film thickness
ranging from 50 nm to 200 nm with intervals of 25 nm. Periodic arrays

a)

of differently shaped nanostructures on thin gold films were fabricated
using the DLW. The fe ion was achieved by tightly focusing (into
approxi ly 700 nm di spot) single 343 nm wavelength pulses
from a 300-fs pulse duration Yb:KGW laser Pharos (Light Conversion
Ltd.). The pulse eneigy varied in the sample to create the arrays con-
sisting of diverse morphological structures. Finally, the characterization
using a scanning electron microscope (SEM) was applied to determine
the exact hology and the di of the structures in each
grating (Fig. 1c).

The thicker the metal film was, the higher pulse energy was required
to achieve the same morphology of the structures. Specifically, in the 50
nm gold layer, the bumps were fabricated using 0.6 nJ pulse energy,
while the jets required 1.2 nJ. In contrast, to obtin the similar
morphology in the 200 nm layer, 3.0 nJ pulses were necessary. Fig. 2
displays images of the resulting structures in three gold layer thickness
groups. The diameters of these structures mnge from approximately 550
nm up to 1 pm. The thinnest layers (50, 75 nm) feature bumps that are
350 nm tall and 550 nm wide, cones with a maximum height of 760 nm
and a width of 790 nm, and jets reaching as high as 1320 nm with a
needle diameter of 70 nm and a base diameter of 930 nm. In thicker
films (100, 125, 150 nm), the cones have a beight of up to 770 nm and a
width of 760 nm, while the jets are 1250 nm, with 120 nm in needle
diameter and o base dinmeter of 910 nm. In these thicker films, the
needle formation occuss at the apex of the cone, Finally, the cones in the
thickest layers (175, 200 nm) measure 670 nm in height and 720 nm in
base width, while the jet height can reach up to 1 pm, with the diamerer
of the base and needle measuring 850 nm and 70 nm, respectively.

When analyzing the structures, it is observed that as the film thick-
ness increases, the structures” height and base dinmeter decrease. This is

g

Raeman intensity (cps)

@ o o 10 1s® w0 e
Raman shift (om”)

Fig. 3. a) An illustration of the scattering from the grating with 4-MBA molecules. b) Raman scattering spectra obtained from the nanostructures on a 100 nm thick

gold film with signal response per 1 5.
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morphalogy nanostructure amrays with MBA molecules ar 1074 em ™" (black dots) and 1589 em ™' (red) bands. d) The intensity mapping of the 1589 cm ™' mode.

caused by the thickening of the affected layer and the consequent heat
distribution. In the thinnest layers, the needle has a narrow diameter of
70 nm, and it becomes thicker, over 100 nm, with incrensing layer
hick (Fig. 2 arrows). This ph can be explained
by the larger portion of the melr flowing towards the center and pro-
ducing the needle. Alas in the 175 nm and 200 nm layers, the j jet narrows
once again because of an observed alteration in the structure f

The intense signals were obtained with the two most prominent
Raman shift lines at 1074 em ' and 1589 em ', which are the charae-
teristic 4-MBA bands | with breathi of aromatic
ring coupled with C-S stretching (v1(12) + ¥(C-S)) and aromatic ring
stretching mode u(8a), mpecuvely [57-59]. The low-intensity bands
near 1276 em ' and 1705 em com)spoml to Y C-OH) and 1(C=0)

0

within these layers. The film undergoes stratification resulting in the

of recurring hol As the film is layered, jet for-
mnnon initially oceurs in the upper layer. At higher energies, this part of
the layer is removed, leaving the layer below intact (see Fig. 2, indicated
by eyan arrows). This process initiates the formation of cones and jets in
the lower layer, ulti Iy Iting in the f of a jet structure
protruding from the torn layer. These multil have alower tk
compared to the entire film, thereby producing thinner needles,

3.2. SERS properties of the periodic gold nanestructure arrays

The plasmonic properties were characterized by measuring the SERS
activity. The periodic structures were immersed in a 1 mM solution of 4-
melrnpmbenzmc acid (4-MBA) in isopropanol for 6 h. After rinsing
ghly with isopropanol sol they were dried under N, gas, A

bled layer of 4 MBA molecules formed on the surface of
the grating and the enhanced Raman scattering signal was registered
(see Fig. 3). Although the stuctures were arranged in a periodic manner,
we did not investigate their periodicity's impact on the results. The
incident beam only covered a single structure; therefore, the neigh-
boring structures were used solely for repeatability mapping.

I

it ofa p oup, respectively, while
the low -intensity femule near is msocmlnl mth symmetric stretching
vibration of the unbound carboxylate group, v(CO0") [551. The sharp
band near 1172 em ' belongs to the in-plane CH bending vibration of
the aromatic ring v(%9a) [24]. In some SERS spectra, low-intensity narrow
bands are visible at 997 an ! nnd 1020 cm ', These bands were pre-
viously I to thiophenol [57,60]. App e of these bands in
the spectra indicates the decaxboxy'lsum of some adsorbed 4-MBA
molecules. It was demonstiated that the process is related with the
invol of the carboxylate group with i with the surface
and is catalyzed by the roughness of the swface; no new bands were
observed in SERS spectra of 4-MBA at smooth Au and Ag surfaces [57].
In order to pare the relatve i ities of the bands we have
recorded SERS spectia of compl ! of thiophenol and 4-MBA
at the same conditions (Figure 51), We have estimated the ratio of in-
tensity of 1074 cm ' band from 4-MBA and 1023 cm ! band from thi-
ophenol [I(1074)/1(1023)]-1.01. Based on the relative intensities of
these bands observed in spectra with the most intense thiophenol fea-
tures we found that the amount of decarboxylized compound in the
studied monolayers varies from 0 to 17 %.
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Fig. 5. SEM images of bump (left), cone (center), and jet (right} with corresponding electric fiedd intensity

3.2.1. Effect of the morphology

1n order to assess how morphology affects the umphﬁmuon of Lhc
SERS signal, the armys of ly shaped st; were fabni
a 100 nm thick gold layer using different pulse energies. The sms
spectm axe depicted in Fig. 4a, where differently colored lines corre-
spond to specific moqiwlogis shown in Fig. <b with the numbers
indicating the response spectra,

The enhancement of SERS is strongly affected by the structure shape
and the generated hot spots. The measured spectra reveal an optimal
shape that results in the highest enhancement of the SERS signal. Inthe
bump array (Fig. 1a black line) the intensity is significantly lower due to
the round structure lacking sharp corners where the hot spots can be
formed. As the cones are obtained (red and blue lines), the Raman
enhancement increases and the two main characteristic lines become
evident. Purthermore, in addition to the two main lines, other weaker
characteristic 4-MBA lines are present in the jet-like structures when a
small antenna spike is formed at the apex of the cone (pink line). It can
be assumed that both the antenna spikes and the cone tip are forming
hot spots amplifying the snyml As the pulse energy is further increased,

the of the jets deteri (green, violet lines), as the
structures begin to fracture and eventually become ablated.

The enhancement factor (EF) for the two most intense MBA vibra-
tional modes at 1074 cm ' and 1589 an ' was calculated using
formula:

= (lsens @ Np) /(e ® Nogis) m
where Isgps and Jp comrespond to the intensities of SERS and Raman
spectral bands, while Negs and Np correspond to the average number of
excited molecules in SERS nnd Raman experiments, respectively. The
detailed calculations of EF are described in the reference [61], The in-
tensity of the non-enh d Raman of the 4-MBA is Iz = 0.90
eps (counts per second ) at 1074 cm f, and Ig = 0.72 cps at 1589 cm .
For Raman a 5x/0.12NA obj with a working dis-
tance of 14 mm was used to analyze 0.25 M or 250 mol/m* MBA in
isopropanol solution. For the number of excited molecules in soluti

1 using COMSOL

where Vg -~ Raman probe volume, Cg -
Avagadro constant.

For Raman probe volume calculation were used 4 =7.85x 107 m,d =
7.70%10° m, f = 1.75x 10> m, where / — laser wavelength, d - diamerer
of the unfocused laser beam, f — focal length. The calculated probe
volume was 8.38x10"7 m® [61]. It has been established by (2) equation
that N = 1.26x10'%,

For SERS measurements was used 50x/0.75NA objective which
projected 785 nm laser light to 1.13x 1012 m? spot size area on a surface
(1.2 ym dismeter spot). The gold surface covered with 4-MBA by
5.0x10°° mol/m” [62]. Multiplying those means by each other and the
Avogadro constant we got the number of 4-MBA molecules with no
Tespect to surface roughness Neggz = 3.404x10°%R. The roughness
factor R was calculated:

concentration of analyte, Ny -

Ro=SifSpuii @
where 5,1 is the actual illuminated area of the surface (1.13%10*2 m?),
and Sy is the area of the laser spot focused onto the flat surfoce. §.is
calculated from the SEM images, by using the formulas for caleulating
the areas of the hemisphere (area of the bump), cone, cylinder (area of
the jet spike), and circle (area of the structure base). The exact calen-
lation of the real inmhnud area is depicted in Figue 52, The values of

luation and the rough factor for Fig 4
samples are described in Table 51, while the SERS spectrum intensity
and the calculated EF are reported in Table 52, The enhancement factor
values, calculated using equations (1) aid (3), for the Fig. b structures
are depicted in Fig dc.

The bumps and fractured jets exhibit an enhancement factor of 10°,
while the cones and solid jets reach up to 107 orders of magnitude, with
the lnrgest EF at shape number 4 (Fig. <b) being 1.83x10” at 1074 cm '
and 1.75x107 at 1589 eam ', It is noticeable that the EF is slightly
greater in 1074 cm ' mode. Nevertheless, the 1589 em ™! mode is more
inert to solvent interactions obtaining the Raman spectrum of MBA in an
isopropanol solution, and to metal interactions after developing a self-

the following formula is used:

Ng = Vo CraN, 2)

bled 1 of MBA by Jing the Raman signal. Thus,
the intensities of this 1589 an ! vibmtional mode can be utilized to
determine the EF of the prepared substr: [63]. The 1 EF
values are comparable to the SERS EF for high-quality periodic arays
reported in the literature {16.64-66]. The Ruman response was analyzed
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via mapping, and Fig 4dsh the i maps of the gratings at
1589 cm ' mode. The mapped area was 5 pum » 5 um, with a spot size of
1.2 ym in dinmeter at the surface using 1 pm step. The intensity map-
pings d that the enh is recurring in the periodic
grating and appears in each nanostructure,

Tn investigate the influence of shape on the electric field intensity

we impl d COMSOL Multiphysi leling to
near-field p ic enh in bump, cone, and jet

structures. Fig 5 presents the caleulated data (the ratio between the
incident and the caleulnted field intensity), with structure dimensions
obtained from SEM images of 1, 3, and 4 shapes in Fig. 4b. The elec-
tromagnetic wave impinging on the bump slightly amplifies the field
sunounding its middle past. In the cones, the field enhancement occurs
near the peak, and the intensified zone merges into a larger one. The jet-
like structures have hot spots both at the elongated jet and at the top of
the cone where the sharp protrusion combines with the cone. According
to the modeling, the electric field enhancement in the jets is double that
of cones, and 2.5 times greater than in bumps.

322 Effect of the metal thickness

After determining the optimal shape, we investigated the effect of
thin gold film thickness on the enhancement of the needles. The jet-like
structures were fabricated on 50, 75, 100, 125, 150, 175, and 200 nm
thick layers. Fig. 6a displays the SERS spectia for each layer, with line 1
corresponding to 50 nm and line 7 representing 200 nm. Their shapes
are shown respectively in Fig. 6b. The highest Raman i ities are

attained in films with thicknesses of 125 nm and 150 nm, with signal
levels reaching up to 11,811 cps at the ¢(12) 4 /C-S) stretching mode.
The rise in the intensity with the growth of the thickness from 50 nm to
125 nm, and the subsequent decrease with further increase to 200 nm,
are also conditioned by the suucture’s shape. In the thinnest layers, the
jets are narrower and even without the cone-like base, so the hot spots
do not interct. Meanwhile, in the thickest layers, the mechanism for
forming the structure undergoes a change, as previously noted. The film
layers out and the upper part is ablated, resulting in the formation of a
jet from the second layer and a needle protruding from the ruptured
layer. Because of the non-continuous nature of these structures, the
stratification reduces the Raman intensity.

Using the intensity specua from Fiy. 6, the enhancement factor for
the two strongest modes at different film thicknesses was also calculated
and depicted in Fig 6¢. The values of structure geometrical evaluation,
the roughness fnctor, the SERS signal, and the EF for Fig & samples are
described in Tubles 5354, The strongest SERS bands were observed at
100 nm, 125 nm, and 150 nm film thickness, and the EF in the latter
thickness reaches as high as 107 orders of magnitude (2.72 %107 at 1074
em ' and 2.46x107 at 1589 em '), This enhancement biings the
application of such amays closer to single-molecule detection. The
mappings of signal intensity for the 1589 em ! mode are displayed in
Fig. 6d, and the signal in these structures is also recurring periodically.

To fusther investigate the film thickness-induced variations in the jet
and its needle shupe, and determine their impact on the enhancement,

we employed COMSOL Multipk leling of the near-field
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Fig. 7. Modeled electric field enhancement at the nanojets with different needle thicknesses (70 am (a,b,d) and 120 1m (¢)), beights (700 nm (a,b), 500 nm f€) and

350 nm (), and cone beights (150 nm (a), 350 am (d) and 650 nm (byc)).

| The study eval | alterations in the di of the
needle, its height, and conical base hexglu to mateh the jets oblmmd in
different thick The resulti are p din Fig. 7.

The structures with a smaller cone base and narrower needles can be
attributed to those obtained in the thinnest (50-75 nm, !'u 7n) nnd

the ponding SERS enh fnctors, with the highest peaks of
2_72x107(1074cm ')md246v107(1589¢m ‘)nclnevedatnlSOmn
hick The sul in the thick lted in film

stratification and redumou of the signal intensity. This approach of
fabricating high-EF SERS substrates has good reproducibility and

thickest (175-200 nm, Fig. 7d) layers. In those cases, th

uniformity, thereby offering the potential for the development

marginal since the conieal base is small and the oppesing walls of Ihe
conical hollow structure do not interact with each other and with the
needle apex. The jets having a higher cone (Fig. 7b-c) correspond to
thicknesses of 100-150 nm, where a much stronger electric field is
present near the cone junction with the antenna as well as the tip itself.
Upon comparing the corresponding 100 nm and 150 nm structures, the
one having a thicker needle exhibits stronger excitation near the tip,
resulting in the strongest enhancement. The modeled structures reveal

ot' ﬁul and cost-effective single-molecule detectors.
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Figure S1. SERS spectra of self-assembled monolayers of 4-MBA (4-mercaptobenzoic acid)
and TF (thiophenol) on an electrochemically rough Au surface.
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Figure S2. a) Calculation of real irradiated surface area Sy Geometrical area Sgeom 18 the spot
size into which the beam is focused. Sumie is the area under the structure (basis area), while
Sstrucrure 18 the surface area of the structure. b) Calculation of structure surface area. The bump
and cone surface area was approximated using a cone, while for the jet — the spike surface area
was approximated using a cylinder and a conical base was approximated using a truncated cone.
The subscript ¢ marks the height, radius, and slant height for the cone/conical basis, while
subscript s marks the height and radius for the spike.
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Table S1. Geometrical parameters of the structures and the calculated roughness for the

samples of shape mfluence mvestigation (Figure 4).

No. rc(nm) hc(mm) Ic(mm) rs(nmm) hs(nm) e s R
10 m?)  (x10 m?)

1 316 380 495 - - 0.492 1.308 1.157
2) 366 868 942 - - 1.085 1.794 1.586
3) 345 865 931 - - 1.011 1.767 1.562
4 368 704 780 33 284 1.044 1.750 1.547
() 366 640 721 40 402 1.022 1.732 1.532
6 375 660 735 53 501 1.161 1.850 1.635
(1) 388 610 694 57 637 1.211 1.869 1.652
8 420 558 610 180 - 1.250 1.827 1.612

Table S2. The intensity of SERS signal and calculated enhancement factor for the samples of

shape influence imvestigation (Figure 4).

Iskrs (cps) EF

No.

1074em™ 1589 cm™ 1074 ecm? 1589 cm!
1) 84 42 2.99x10° 1.87x10°
(2) 1256 999 3.26x10° 3.24x10°
(3) 4397 3369 1.16x107  1.11x107
(C)) 6891 5265 1.83x107 1.75x107
5 4768 2504 1.28x107 8.41x10¢
6) 2406 1527 6.06x10°  4.80x10°
7 762 593 1.90x10¢ 1.85%10°
®) 56 34 1.43x10° 1.09x10°
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Table S3. Geometrical parameters of the structures and the calculated roughness for the

samples of gold thickness influence investigation (Figure 6).

No. rc(mm) he(mm) I(nm) rs(nm) hs (nm) (XSIL'::Z) (xlj_':;z)

M 58 150 516 34 1332 1201 145 1286
@) 411 548 652 57 878 1.284 188 1.666
@) 339 542 617 4 700 0941 171 1511
@ 400 639 730 46 635 1211 184 1626
5) 459 654 761 70 604 1.55 202 1784
®) 402 414 553 36 59 0.9 152 1346
M 450 441 608 31 447 1.01 1.5 1328

Table S4. The intensity of SERS signal and calculated enhancement factor for the samples of

gold thickness influence investigation (Figure 6).

IsErs (cps) EF
No- 1074 em™! 1589 ecm! 1074 em™! 1589 em!
(1) 171 1293 3.58x10° 5.32x10°
?) 1765 1452 436x105  4.48x10S
3) 6891 5265 1.83x107 1.75%107
e)) 7363 7266 1.86x107 2.30x107
5) 11811 8531 2.73x107 2.46x107
(6) 2630 2810 8.04x10° 1.07x107
) 1502 1225 4.66x10°  4.75x10°
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High-Quality Plasmonic Ag—Au Bilayer Nanobump Grating

Sensor

Kernius Vilkevigius,* Tomas Rakickas, and Evaldas Stankevi¢ius

A novel plasmonic sensing platform based on bimetallic silver-gold
nanobump grating fabricated via a single-step direct laser writing process is
presented. The plasmonic modes excited at the surface of the grating are
sensitive to the local refractive index and its changes, resulting in a spectral
shift of the resonant peak. Comprehensive optical measurements reveal a
linear redshift of the resonance with increasing refractive index, achieving a
sensitivity of up to 933 nm/RIU and a figure of merit of up to 57 RIU~". The
choice in resonant peak and optimization in operating conditions, such as the
angle of incidence, allow us to achieve these values by enhancing plasmon
coupling efficiency and reducing the resonance linewidth. The suggested
method offers a free-form design for the platform, maintaining high-quality
resonances while exhibiting great stability, repeatability, and durability.

1. Introduction

Micro- and nanofabrication of metallic films is a widely discussed
topic and rapidly evolving area of research since the structures
produced exhibit unique plasmonic properties with their exten-
sive applications in nanophotonics - including sensing, imaging,
lasing, and more.'"! Advances in fabrication techniques have en-
abled the production of precisely controlled nanostructures with
diverse shapes and arrangements. From individual structures,
such as metallic nanowires and nanorods or nanospheres'’! to
2D both periodic and aperiodic metallic gratings of nanoholes,
nanorings, or nanodisks”®! — all kinds of nanostructures are uti-
lized for plasmonic applications.

Such highly applicable nanostructures require appropriate
equipment and methods for fabrication. The most accurate tech-
niques, such as electron-beam and focused ion-beam lithogra-
phy, offer extremely high resolution and are capable of produc-
ing structures with features on the order of a few nanometers.*!
However, these are limited by low throughput and high cost,
restricting the scalability. These challenges are circumvented
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by implementing alternative chemical'*!
and lithographical approaches
such as nanosphere lithography or
photoreduction.'” Also, the replication
and molding techniques are becoming
more pronounced for the rapid produc-
tion of 2D and even quasi-3D metallic
structures.”) Laser implementation is
another promising and versatile method,
which can be used in subtactive, ad-
ditive, and transformative manners to
produce free-form metallic structures.!
The ablative technique offers precise
removal of the material, while laser
sintering and agglomeration have been
used to produce plasmonic nanos-
tructures directly within crystals.!” A
transformative method has also emerged as a promising way,
of modifying the surface so that new structures are produced.
In direct laser writing (DLW) technique, the use of highly fo-
cused single ultrashort laser pulses leads to the formation of
energy-dependent metal nanostructures with shapes ranging
from hemispherical bumps to tip-based jets./""! Since only a de-
position of material and its modification using adirect laser beam
is required, such a method could be called single-step and in this
aspect has a significant benefit over multi-step lithographic tech-
niques. Depending on the fabrication speed, repetition rate, and
pulse energy, this modification method allows the fabrication of
1D, quasi-1D, and 2D arrays with varying and easily tunable op-
tical properties.'"*|

Single nanostructure and nanoparticle applications highly rely
on the localized surface plasmon (LSP) mode mainly impacted by
the nanoparticle's size and geometry, Other plasmonic devices
based on a continuous metallic film are governed by the exci-
tation of the propagating surface plasmon (PSP) mode, which
necessitates additional optical or structural coupling elements
to overcome momentum mismatch. Diffraction-based plasmonic
excitation offers a versatile way to excite one of two hybrid plas-
monic modes.**! In the absence of an underlying metal film,
the surface lattice resonance (SLR) is achieved by periodic cou-
pling of the LSPs of individual nanostructures with the diffrac-
tive photonic modes."*! This resonance features a sharp spec-
tral response, lower losses, and enhanced plasmon coupling,
and is already applied in nanolasers and biosensing. **/ An addi-
tional metal film along the structures induces additional Ohmic
losses and the coupling of LSP-PSP mode, leading to hybridiza-
tion and resulting in the so-called hybrid lattice plasmon reso-
nance (HLPR)."" The latter mode is specifically obtained in the
gratings of nanostructures created by single-pulse DLW on the

© 2025 Vhley-VCHCGmbH
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Figure 1. a) Ag-Au bilayer nanostructured sample with an adhesive chamber. b) Optical mu:roscope image of a large-scale 2D array with 0.8 ym period.
c) Top-view SEM image of 0.8 ym grating, with the laser scanning direction indicated. SEM images of fabricated bumps cross-sections on 50 nm of
d) Au, ) Ag, and f) Ag—Au bilayer taken at a 54 angle. g) Bump structure with distinguished zones of materials. A thin platinum layer was coated on

top of the structures for a better contrast of cross-sections. h) Sample preparation and measurement scheme.

surface of thin metal films, Here, the resonant peaks depend on
the period, structure size, polarization, and angle of incidence,
and can be determined according to the diffraction along the sur-
face and its order.""!

Plasmonic devices have already gained attraction in biologi-
cal and health sciences, offering a powerful methodology for op-
tical sensing. Researchers continue to improve sensmvity and
detection limit through improved pl. < ploited

around the nanostructures greatly improves the signals from the
molecules within the area. This phenomenon is widely applica-
ble in surface-enhanced Raman spectroscopy since the Raman
5|gnalcanbcgmat]ysu hened and distinguished from the
noise, leading to determining a unique molecular fingerprint.
The ngest signals are obtained by exploiting structures with
narrow gaps (exploiting gap mode) or sharp tips and edges like
jets. 19!

anisotropy, or controlling nanopamcle size.7I Also, not only
pure metals but alloys and multilayered structures are cur-
rently being investigated for the enhanced performance of plas-
monic devices." The locally enhanced electromagnetic field

Adv. Mater Technol. 2025, 10, <01199

e01199 (2 of 14)

Anolhcr field is optical refractive-index sensing based on the
surface y e (SPR) ivity to changes in the
local mfncuve index (RI). The xml time detection of dnnges in
RI through the spectral shifts in p T e gth
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Figure 2. Au, Ag, and Ag—Au sample spectra comparison. Reflectance in the air for a) s- and b) p-polarization at an 8° angle, where the red line is
AuS0, green line Ag50, and the orange line Ag25Au25 samples. Gold (c, d), silver (e, f), and bilayer (g, h) reflectance in water (black line) and different
concentrations of glycerol (red, blue, magenta, green lines) for s- (¢, e, g) and p-polarization (d, f, h).

has paved the way for the label-free detection of biomolecules,
analytes, and other pathogens and chemical agents. Herein, the
molecular adsorption onto the metallic structures leads to the
transition of R1and spectral shift. However, the process is not se-
lective for the analytes and investigated molecules, therefore sur-
face functionalization with antibodies or other analyte-sensitive
receptors is compulsory for the selective measurements*" Al-
ternatively, resonance-shift sensors are applied for gas and liquid
RI sensing, as the pollutants and investigated concentrations are
accurately determined withour surface functionalization.”!

The performance of a sensing platform is typically evaluated
in terms of its sensitivity, which marks the peak shift per refrac-
tive index unit (RIU), and the figure of merit (FOM) where the
sensitivity is divided by the peak width (FWHM). Since sensor
efficiency depends not only on its intrinsic parameters but also
on plasmon coupling efficiency, ways for resonance linewidth re-
duction are in search to enhance the results!*”! Higher quality
factors are indicative of higher sensor efficiency. Conventional
prism-based sensors,|**) while effective, require additional bulk

Adv. Mater. Technol. 2025, 10, 601199 01199

optical components that increase the overall size and complex-
ity of the device, leading to a search for new more compact
sensing platforms. Implementation of the grating-excitation of-
fers a promising alternative by reducing the size and increas-
ing the excitation area since surface gratings can be produced
in a free-form and large-scale manner.”*! Additionally, fiber Rl
sensors are in attention due to their design flexibility and high
sensitivity. ¥’ Therefore, the solutions for fast and simply pro-
duced, easily scalable, and repetitive sensing platforms are in
demand.

Here, we present a single-step fabrication of an easily scalable
Dbimetallic HLPR-based sensing platform for liquid detection. In
this study, a glycerol solution in water of various concentrations is
used as a reporter to determine and characterize the sensing plat-
form’s performance and par The DLW-produced grat-
ings, combined with an additional adhesion chamber, can be eas-
ily incorporated into any standard spectrophotometers, enabling
a fast measurement and response of spectral shift of the fluid of
interest. The proposed platform offers high sensitivity, stability

(3 of14) (© 2025 WieyVCH GmbH
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Figure 3. Au, Ag, and Ag—Au bilayer sample quality, !

y, and figure of merit (FOM) comparison. Resonant peak quality

(a-c) with MQ-factor (solid line, left-side axis) and Q-factor (dashed Ime nght-side axis), resonant wavelength (d-f), and FOM (g-i) dependence on Rl
for the main resonant peaks: m = + 1 at s-polarization (a, d, g), m =+ 1 at p-polarization (b, ¢, h), and m = —1 at p-polarization (c, f, 1). For all graphs,
red line marks AuS0, green line — AgS0, and orange line — Ag25Au25 samples. The angle of incidence is 8°,

and repeatability, g it a pre g candidate for practical
sensing applications,
2. Experimental Section

2.1. Material Deposition and Array Formation

The sensing platforms were produced on silver-gold bilayer and
pure metal (Ag and Au) films. Thin films on the microscopic
glass were dep d using a magr sputter coater (Quorum
Q150T). The deposition rate for Au was 0.26 nmy/s, while for Ag
it was 0.59 nm/s. The thicknesses of the coatings were controlled
by varying the sputtering time. Ag—Au bilayer film was produced
by depositing Ag for 42 s (to get a 25 nm layer) and then Au for
94 5. Pure Ag film was sputtered for 84 s, while pure Au film - for
188 5. The overall thickness of the deposited layers was 50 nm.

Adv, Mater. Technol. 2025. 10, £01199
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Before the metal deposition, an additional adhesive layer of Ti
(3 nm) was deposited on the substrate.

The periodic arrays of nanobumps were produced by a direct
laser writing (DLW) technique. The 343 nm wavelength (third-
harmonic of Yb:KGW-based 249 fs laser (Pharos, Light Conver-
sion L1d)) was used. The beam was tightly focused onto the metal
surface into a 0.8 pm spot using a 0.5 numerical aperture (NA)
objective. The formation of the structures was applied using a sin-
gle pulse per area. The 2D periodic alignment of the bumps was
achieved by performing a unidirectional scanning of the laser
beam. The sample translation speed and pulse repetition rate
were carefully selected so that the distance between the structures
in the scanning line would equal the grating period - 0.8 ym. In
this case, the sample translation speed was 5.6 mm/s and the
pulse repetition rate was 7 kHz. The required period in a perpen-
dicular direction was achieved by selecting a distance between

© 2025 Wiley-VCH GmbH
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Figure 4. Stability measurements (3 consecutive measurements) of Ag—Au sample at 8 angle. Reflection spectra in glycerol 3.4% environment for
a) s-polanization and b) p-polarization. Legend is the same for both graphs.

the scanning lines. The used pulse energy was in the range of
0.46-0.55 nf for different layer configurations. The size of the
fabricated gratings was 3 x 3 mm?, and the fabrication time was
260 min. For the tability m 3 samples using
each film layout were produced.

The shape of the fabricated structures was characterized using
a scanning electron microscope (Helios NanolLab650). The pic-
tures were taken at a 52° angle. Also, the bumps were cut using
focused Ga ions to obtain the cross-section images. A thin plat.
inum layer was coated on top for a better contrast.

2.2. Sensing Liquid Preparation

The sensing experiment was performed with 5 liquids: ultrapure
waler and 4 different concentration glycerol solutions in water.
Ultrapure water (resistivity of 18.2 MQxcm at 25 °C) was taken
from a Synergy UV water purification system (Merck, USA), glyc-
erol (86 weight9) was obtained from Carl Roth GmbH, Germany.

The solution refractive indexes were measured with an imag-
ing null ellipsometer Accurion Nanofilm EP3, using a Kinet-
ics/SPR cell with BK7 glass prism, at 658 nm wavelength. First
of all, the total internal reflection angle was found with ultrapure
water, injected into the cell, and the glass refractive index was cal-
culated, assuming that the water refractive index is well known
and it was taken from Kedenburg et al.® Then, glycerol in ul-
trapure water solutions were sequentially injected into the cell
and total internal reflection angles were found. Water and glyc-
erol refractive index dispersions were calculated using the Sell-
meier equation, taking constants from the literature'**#”! in the
400-2000 nm wavelength range (Figure S1, Supporting Informa-
tion). Solution concentrations were calculated using the linear

Adv Mater. Technol 2025, 10, 01199
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effective media approximation. The measured concentrations of
glycerol solutions were 1.7%, 3.4%, 5.1, and 6.8%. For an ad-
ditional limit of detection measurements, glycerol solutions of
0.84%, 0.41%, and 0.2% were used.

2.3. Sensing Platform Prep and Refl

For sensing experiments, the adhesive chamber (HybriWell-FL)
was attached to the surface of the metal. The reflection measure-
ments were applied using a spectrop (EssentOptics
PHOTON RT) mainly in the wavelength range of 600-1400 nm
with a step of 1 nm. The results were obtained using both s-and p-
polarized radiation with a light incidence angle of 8°. Additional
experiments of angle influence on the results were performed at
15°, 30°, 45°, and 60° in the wavelength range of 600-2000 nm
with a step of 1 nm. The measurements with liquids were per-
formed using the following steps. First, the reference spectrum
of air response was measured with only an adhesive chamber on
the surface. Then the liquid was infused inside the chamber us-
ing a syringe and the reflection spectrum with the liquid inside
the chamber was measured. Finally, the liquid was blown out of
the chamber and the measurement cycle repeated. For each in-
vestigated liquid these steps were repeated 3 times to investigate
the stability of the sensing platform. The results of each liquid
were obtained by averaging all 3 measurements.

2.4. Sensing Platform Evaluation
Resonant peaks of the sensing platform were evaluated by mea-
suring their quality, sensitivity, and figure of merit. The quality

(© 2025 Wiley VCH CmbH
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Figure 5. Reflectance spectra dependence on the angle of incidence. Reflectance spectra in water at angles of 8° (black fine), 15° (red), 30" (blue), 45°
(magenta), and 60° (green) for a) s- and b) p-polarization. Reflectance spectra ata 60° angle in water (black line) and different glycerol concentrations
(red, blue, magenta, green lines) for c) s- and d) p-polarization. e) Resonant wavelength changes with angle in air (dashed line) and liquids (solid lines),
The insets show the speafic peak wavelength dependence on the liquid refractive index at a 60° angle.

was determined by the Q-factor (Q = 4, /FWHM) and MQ-factor
(MQ = Q- h/100%) with the peak height included. The reso-
nance baseline was chosen to be on the left side of the peak, where
the reflection drop begins. The resonant wavelength, peak width,
and depth were determined using the Origin function Peak An-
alyzer.

While the Q-factor is the usual metric parameter, our intro-
duced MQ-factor additionally accounts for the depth of the res-
onance peak, suggesting more efficient coupling between the
plasmonic modes and stronger plasmonic interactions. In wave-
lengthinterrogation sensors, the MQ-factor is less critical, as only
the spectral shift is measured, and a sufficient signal-to-noise
ratio is typically adequate. However, for intensity interrogation-
based sensors, the change in signal intensity is the main reg-
istered ‘1 therefore, deeper e peaks lead to
higher RI resolution and more accurate results. Such sensing
platforms would benefit more from the MQ-factor rather than
the conventional Q-factor.

Sensitivity and FOM were determined using the following for-
mulas: S = A4, /An and FOM = S/FWHM. To determine the

Adv. Mater. Technol. 2025, 10, 01199
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change in refractive index, the exact Rls at the specific resonant
wavelengths were taken from the dispersion curves of each lig-
uid (Figure S1, Supporting Information). The sensitivity was av-
craged from the values of all investigated liquids. The FOM was
averaged for each specific liquid from different consecutive mea-
surements.

For durability the ples were stored in a
non-hermetically sealed plastic Petri dishes, in a dry and dark box
at room temperature (20-22 °C) for 6 months, and then remea-
sured again. In this period, the relative humidity was in range of
20-50%. The adhesive chamber was left attached to the sample,
which acted as a protective layer.

3. Results and Discussion
3.7. Plasmonic Au, Ag, and Ag—Au Bilayer Sensor

The periodic nanostructures on the metal surface for the sens-
ing experiments were produced using single pulses of a fs-laser
(343 nm) with a DLW technique. Using a high-NA objective,
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Figure 6. Angle influence on quality, sensitivity, and FOM. a) Q-factor and b) MQ-factor at different angles of incidence in air {dashed line), water (solid
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m = —1 (green) at different angles of incidence. d) FOM of the main investigated peaks for water (black line) and glycerol (red, blue, magenta, green

lines) at various angles,

the beam was focused on a surface into a 0.8 um diameter spot.
‘The vertical laser scanning was implemented for a fast fabrica-
tion of the large-scale square arrays (3 x 3 mm’) consisting of
bumps with a period of 0.8 pm (Figure 1a-c). Structures are well-
aligned and evenly spaced in the scanning direction. However, a
small deviation from an ideal 2D periodic lattice is observed in
the axis perpendicular to the scanning, as seen in Figure 1¢. This
lateral displacement is due to vibrations in the positioning sys-
tem. Although this might broaden the resonances, the quality of
the plasmonic resonances excited by large-scale arrays remains
sufficiently high. Hemispherical nanostructure arrays were pro-
duced on Au {sample Au50), Ag (sample Ag50), and Ag—Au bi-
layer (sample Ag25Au25) films of 50 nm thickness. To improve
metal adhesion to the substrate, an additional Ti layer of 3 nm
was deposited directly on the substrate, so that the structured area
would not be remaved under contact with liquid."*" Pulse ener-

Adv. Mater. Technol. 2025, 10, 01199 01199

gies for different material films were chosen so that the fabricated
structures would be of similar size and dimensions (0.46 n] for
Au, 0.55 n| for Ag, and 0.5n] for Ag—Au). The SEM images of fab-
ricated structure cross-sections on the Ag, Au, and Ag—Au bilayer
taken at a 54° angle are depicted in Figure 1d-f The diameter of
the bumps is 440450 nm, while the height is 220 nm for Ag,
200 nm for Au, and 180 nm for Ag—Au samples. As determined
in our previous research, the formation of hemispherical hollow
bumps is based on the metal Alm detachment from the substrate
and mass displacement of the molten layer, without impacting
the glass substrate, thus producing a void between the uplifred
structure and substrate.™ Each structural zone is distinguished
in Figure 1g.

The investigation of sensing of the liquid was performed by us-
ing an adhesive chamber (HybriWell) that was attached to the sur-
face of the metal (Figure 1a). With the help of the needle, the test
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Table 1. Comparison of 2D plasmonic array sensing platforms parameters.
Structure Fabrication method Plasmonic mode Sensitivity FOM [RIU™] Refs.

[nmy/RIV)
Au nanoholes Focused ion beam milkrg HLPR 463 - 136
Aunanodiscs Photalithography HLPR 600 46 [32a)
Au nanopilars Electron beam & metal deposition HLPR 675 ns B2b)
Au finds printing & plasma etching HLPR 4544 - (EY]
Au columns Direct laser writing lithography HLPR 478-617 % B33
Ag—Au bilayer Direct laser writing HLPR (Coupled LSP-PSP) m =<1 830-930 2438 This work
nancbumps HLPR (Coupled LSP-PSP) m =—1 830-880 2457

liquid was infused into the chamber so that it covered the entire
stmduxed zone. The reflectance spectra were measured using a
spec (E: ics Photon TR UV-VIS-NIR) in the
600-1400 nm wavelength range with a step of 1 nm. A circularly
shaped beam with a diameter of 2 mm was used to irradiate the
sample and the response of both s-and p-polarized lightat8° and
157 angle of incidence was captured. After the the
liquid was blown out using high-pressure air. This infusion, mea-
surement, and extrusion procedure was repeated 3 times for each
liquid. Figure 1h shows the full preparation scheme.

The investigation and reflection measurement were per-
formed with 5 different liquids: ultrapure water and glycerol of
4 different concentrations. The refractive indexes of water (n =
1.3314) and the solutions were determined with an ellipsome-
ter using a 658 nm wavelength source (n = 1.3339, n = 1.3364,
n = 1.3389, and n = 1.3414 respectively for 1.7%, 3.4%, 5.1%,
and 6.8%). First, the spectrum of the structured area on the thin
film was measured without the adhesive chamber, and later —
with an attached chamber in the airenvi Theuse of such
achamber reduces the intensity of the resonant peak while not af
fecting the resonant wavelength and peak width (Figure S2, Sup-
porting Information). The decrease in intensity is about 6-10%.
However, since further measurements with liquids were carried
out using this adhesive chamber, this decrease did not affect the
comparative results.

During the research, the quality of the resonant peaks was de-
termined using the parameter Q-factor with the ratio of wave-
length and width of the peak. Additionally, the modified MQ-
factor including the peak depth was more commonly used in this
study. For sensitivity calculations, the refractive indexes (RI) of
water and glycerol at the specific resonant wavelengths had to
be used. These were found from the dispersion curves of each
concentration using the Sellmeier dispersion equation and co-
efficients for water® and glycerol”’! solutions. The dispersion
curves are given in Figure S1 (Supporting Information).

Silver has the strongest plasmonic properties owing to its low
damping losses, while gold has weaker plasmonic properties but
is chemically stable and resistant to the environment, as silver
is more prone to degradation by oxidation. Thus, three differ-
ent configurations of silver, gold, and silver-gold bilayer were
analyzed and the reflectance spectra of these were compared to
determine the optimal sample configuration and material com-
position. The fabricated arrays support grating.coupled HLPR
modes, enabling highly tunable resonant behavior. The resonant
peak spectral positions vary with the polarization of the incident

Adv Mater Technol. 2025, 10, €01199
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light, as s- and p-polarized light excite different resonant wave-
lengths. Further tunability is achieved by adjusting the grating
period (an increase results in a redshift) and the angle of inci-
dence (an increase causes a redshift of the m = ~1 mode and a
blueshift of the m = +1 and m = +1 modes), whose influence and
resonant wavelength can be theoretically estimated using the 1D
diffraction grating equation."*"'! Additionally, the geometry of
the nanostructures affects the resonances - specifically, increas-
ing the nanobump height leads to a redshift of the m = -1 mode,
which is associated with an out-of-plane resonance origin. ™ The
results obtained for the 8” angle of incidence are shown in Figure
2. The main 3 resonant peaks were investigated throughout the
study: m = +1 in the s-polarization response (Figure 2a), m =
+1 and m = —1 in the p-polarization response (Figure 2b). Since
the resonance peaks depend not only on the period of the grating
but also on the size and shape of the nanostructure, the arrays
were fabricated with bumps of similar heights so that the height-
dependent out-of-plane resonances (m = —1 in p-polarization) of
different samples would be close together,

In the air environment, resonances appear at 799 nm for Ag50
and at 803 nm for Au50 and Ag25Au25 samples in s-polarization.
By comparing the MQ-factors of m = +1 resonances (Figure
3a), it is observed that silver has the highest factor MQ = 10.25
since this metal exhibits stronger plasmonic properties, with
silver-gold bilayer being in the middle (MQ = 8.18) and gold
array having the lowest quality of MQ = 6.62. Meanwhile, in
p-polarization, the m = +1 resonance is observed at 718 nm,
712 nm, and 713 nm for Au50, Ag50, and Ag25Au25 samples
respectively, while for m = —1 peaks the wavelengths are cor-
respnnding: 955 nm, 958 nm, and 957 nm. The non-identical
grating of the bumps, as any deviation in height and diameter
slightly affects the resonance, might explain the differences in
wavelength. Despite that, the wavelength mismatch is not criti-
cal and the results can be compared. The modified quality factor
for p-polarization m = +1 peak (Figure 3b) also maintins the
tendency with MQ = 5.8 for Ag50, MQ = 5.4 for Ag25Au25, and
MQ = 2.2 for Au50. Meanwhile, the m = -1 peak (Figure 3c) of
fers a slightly different trend with the silver-gold bilayer having
the highest MQ-factor of 14, silver being 11.4, and gold having
an MQ-factor of 10.

Furthermore, the reflectance spectra measurements using dif-
ferent liquids were performed for each sample and depicted in
Figure 2c-h for both distinguished polarizations. The resonance
shift to longer wavelengths by more than 250 nm is evident as
the environment changes from air to liquid. It denotes that the

£) 2025 Wikey VCH GmbH
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active zone of our samples is sensitive to the ambient refrac-
tive index and its changes. First, the ultrapure water was used
as a sensor reporter. The shifts form = +1, m = +1, and m =
~1 peaks are around 260, 256, and 280 nm, respectively. Across
different material configurations, these values remained almost
similar, showing a deviation of only 2 nm. With the substitu-
tion of the liquid from water to glycerol of varying concentrations
(1.7%, 3.4%6, 5.1%, and 6.8%), a redshift of the peaks by 2-3 nm
was obtained with each increasing concentration. In the case of
Ag25Au2S sample m = +1 peak, the shift was from 1063 nm
to 1072 nm due to a change in the Rl from n = 1.3239to n =
1.3338. The wavelength dependence on the liquid refractive in-
dex is provided in Figure 3d—f. As the increase in concentration
is linear, the wavelength change is almost linear as well. How-
ever, there is a small deviation from a perfect linear trend, which
might imply the measurement errors resulting from the posi-
tioning of the grating. For each measurement, the sample was
taken out of the spectrophotometer, and after changing liquids
inserted again. Manual insertion of the sample results in inaccu-
racy in the positioning of the azimuthal angle and measurement
area. Therefore, this might result in small shifts in the resonant
wavelength or its broadening. For more accurate results during
the real sensing applications, a fixed and stable plasmonic plat-
form should be used with measurements in the same zone. To
reduce the influence of this, several successive measurements
were conducted, and the results were averaged to enhance accu-
racy and minimize the measurement uncertainty. A 1.7% change
in glycerol concentration results in a wavelength shift of #2 nm.
Therefore, the periodic bump gratings on gold layer, silver layer,
and silver-gold bilayer are sensitive to changes in concentration
and RI and can be effectively utilized as sensors.

Using liquids, the MQ-factor (Figure 3a—) itself maintains the
trend for m = +1 and m = +1 peaks, that the silver array has
the highest quality (MQ >14 for s-polarization peak and MQ >
7 for m= 41 peak). The silver-gold bilayer sample has interme-
diate quality (MQ ~ 9 for s-polarization and MQ =~ 7 for m =
+1 peak), while the gold sample demonstrates the worst features
(MQ-factor ~ 7 for s-polarization and & 5 for m = +1 peak). The
trend is also similar to that obtained in the air for m = —1 peak,
where the Ag25Au25 sample has the highest MQ-factor, the Ag50
sample falls in the middle and the Au50 array shows the lowest
quality.

To determine the parameters of sensing platforms, the sensi-
tivity and figure of merit were calculated. For these calculations,
the RI shift was determined for each liquid in comparison to
the air (n = 1) environment. The resonant wavelength of each
peak was taken from the averaged value of 3 consecutive mea-
surements for each liquid. Since the sensitivity is a constant pa-
rameter of the sensing platform and a specific peak, the calcu-
lated values of S at each liquid were averaged. Each resonant peak
demonstrates different dispersive properties with distinct shifts.
The m = +1 peak by changing the medium from air to water
shifts by ~260 nm (261 nm for Au, 263 nm for Ag, and 260 nm
for Ag—Au) and increasing with glycerol solution concentration,
resulting in a platform sensitivity of & 800 nm/RIU, to be ex-
act § = 805.9 nm/RIU for the gold array, $ = 812.5 nm/RIU for
the silver array, and S = 802.6 nm/RIU for the silver-gold bilayer
array. The smaller-wavelength resonance at p-polarization (m =
+1) demonstrates an air-water shift of 257 nm (258 nm for Au,
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258 nm for Ag, 257 nm for Ag—Au) with the averaged peak sen-
sitivities of S = 794.2 nm/RIU for Au, § = 796.1 nm/RIU for
Ag, and S = 790.8 nm/RIU for Ag—Au. In contrast, the m = -1
peak exhibits a larger air-to-water shift of %280 nm (280 nm for
Au, 279 nm for Ag, 277 nm for Ag—Au) yielding a higher sensi-
tivity of § = 870.5 nm/RIU (Au50), S = 863.8 nm/RIU (Ag50),
and S = 863.5 nm/RIU (Ag25Au25). While all three resonant
peaks are sensitive to changes in the RI, the m = —1 peak ap-
pearing at p-polarization is of the highest sensitivity. However,
no clear tendency is observed regarding sensitivity dependence
on the used material, as gold, silver, and bilayer samples maintain
similar results. Additionally, the FOM values were analyzed fora
more accurate assessment of sensor performance and compari-
son of different materials. In this case, the material impact and
its tendency are more apparent, as illustrated in Figure 3g-i. The
FOM was calculated for each liquid, as the peak widths varied,
and was calculated as the average of 3 consecutive measurements
in a specific solution. Among the investigated samples, silver ex-
hibits the largest FOM for all peaks, exceeding 30 RI1U™, since
the metal possesses the strongest plasmonic properties influenc-
ing the appearance of narrow resonances. While the silver-gold
bilayer sample demonstrates the lowest sensitivity among others,
its FOM shows intermediate values for m = +1 (~ 38 RIU™") and
m= =1 (x 30 RIU""), with FOM at m = +1 being similar to that
of the gold sample at 24 RIU . Other gold sample FOM values
are 30 RIU~! and 26 RIU-! for m = +1 and m = —1, respectively,
making it the least effective of investigated samples and proving
that although the sensitivity is relatively high, the resonances are
wide as well, resulting in a lower FOM and inferior performance
as a sensor configuration. The specific values of sensitivity, FOM,
Q-factor, and MQ-factor for Au, Ag, and Ag—Au samples for the
m=+1, m=+1,and m = —1 resonant peaks are summarized
in Supporting Information, Tables $1-S3 (Supporting Informa-
tion), respectively. The given values were obtained at an 8° angle
of incidence.

A thorough comparison of a few metal configurations suitable
for plasmon-based liquid sensors has shown that although silver
demonstrates the strongest sensing properties, the most practi-
cal configuration is to use a silver-gold bilayer. It combines in-
termediate plasmonic properties (better than gold but lower than
silver) with the advantage of a top gold layer serving as an oxida-
tion protector, preventing the degradation of the properties com-
monly observed in pure silver samples. Henceforth, further in-
vestigation will be focused on the Ag25Au25 silver-gold bilayer
samples.

3.2. Stability of the Sensing Platform

During the investigation, spectral measurements before and af-
ter the liquid infusion were repeated three times for each liquid to
determine the error margins and evaluate the stability of the plat-
form. Here, Figure 4 illustrates the stability measurements for
the Ag25Au25 sample using glycerol of 3.4% concentration. The
resonant wavelength during several measurements maintains its
place in the spectrum at 1067 nm (m = +1), 974 nm (m = +1),
and 1239 nm (m = ~1) confirming the reliability of the results.
Only small deviations in peak width and depth were observed,
leading to small variations in quality factors and FOM with the
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values provided in the same figure. The errors both in Q-factor
and FOM are 0.3%, 0.4%,and 0.5% form=+1,m=+1,and m =
-1, respectively, while the MQ-factor errors are 2.2%, 1.8%, and
1.5%. These errors include measurement inaccuracy since the
manual selection of the peak baseline might introduce some de-
viations in height and width. Nonetheless, the low percentages
highlight the high stability of the sample and obtained results.
Similar results were obtained for all investigated liquids.

3.3. Angle Influence on the Platform Response
Previous measurements were conducted using only an 8° an-
gleof incidence. Therefore, another Ag25Au25 sample was mea-

sured additionally at 15°, 30°, 45°, and 60° angles to evaluate the
sensor's performance at various angles and examine the sensi-
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tivity and FOM changes with light incidence angle. Reflectance
spectra for two orthogonal polarizations in a water environment
are presented in Figure 5a,b. A noticeable shift in the peak wave-
lengths is observed as the angle increases. The behavior of the
resonant peaks is similar to the previous findings in air for sim-
ilar gratings.'* For s-polarized light, the m = 1 resonance
blueshifts from 1064 nm at 8° to 841 nm at 60°, A stronger
blueshift is observed for m = +1 peak from 968 nm at 8° to
705 nm at 30°, before entering the absorption zone at larger an-
gles. In contrast, a shift to the opposite side of the spectra is ob-
tained for m = —1 peak from 1238 nmat 8” to 1756 nm at 60°. In
the latter case, not all resonances are equally usable for the sens-
ing measurements, since certain resonances overlap with absorp-
tion zones. The resonance at 30° coincides with the water absorp-
tion zone (1481 nm), limiting the intensity of the peak, and the
one obtained at 45° is near the absorption peak of the adhesion
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chamber (1636 nm). These findings highlight the importance of
optimizing the angle of incidence based on the liquid and mate-
rials used to avoid spectral overlap.

To ensure the performance of the sensing platform even at
large angles, additional measurements with different liquids
were performed at 60°, and the corresponding spectra are rep-
resented in Figure 5c,d. At this angle, the m = +1 peak already
falls within the metal absorption zone and is therefore not ob-
servable, leaving only the m = +1 and m = —1 resonance for
analysis. A change in the liquid, and consequently the RI, results
in a redshift of the resonant peaks, Similar to measurements at
87, here the change in resonant wavelength with each liquid is
also approximately 2 nm. The m = +1 peak, initially located at
536 nm in the air, shifted to 841 nm in water and further shifted
from 844 nm to 851 nm by 2-3 nm in various concentrations
of glycerol. Similarly, the peak of m = ~1 resonance appeared
at 1500 nm in air, at 1756 nm in water and showed incremen-
tal shifts from 1758 nm to 1765 nm across different samples
of glycerol. Such a c shift demc the reliability
of the platform at various angles of incidence, from small ones
{close to normal incidence) to large ones approaching the glanc-
ing angle. The resonant wavelength for each peak is depicted in
Figure 5¢, while the wavelength shifts for each liquid are pre-
sented in Figure S3 (Supporting Information). All investigated
peaks maintain the same tendency across all angles, exhibiting a
linear increase in wavelength with the increment of RI, as illus-
trated in the insets of Figure 5e for the m = —1and m = +1 peaks
ata 60° angle, The limit of detection (LOD) was additionally deter-
mined by measuring glycerol solutions of lower concentrations
(0.2%, 0.41%, 0.84%, and 1,68%) and analyzing the smallest de-
tectable shift in resonance wavelength (Figure S4, Supporting In-
formation). Based on this analysis, the calculated LOD is approx-
imately 0.84% glycerol (relative to deionized water), correspond
ing to a refractive index change of 0.0013. The RI change was de-
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termined from the dispersion curves in Figure S4g (Supporting
Information). This limit is constrained by the spectrophotome-
ter's wavelength step of 1 nm; however, smaller shifts may still
be visually detected at sub-nanometer resolution. By improving
the spectral resolution of the spectrophotometer, the LOD could
potentially be reduced to 0.41% of glycerol, corresponding to a RI
change of 0.0006.

The calculated Q-factor and MQ-factor (Figure 6a,b) provide
some insights into the sensor's performance at different angles
and the applicability of each peak. Both factors show a similar
trend, with m = +1 and m = +1 slightly decreasing and m = -1
significantly rising with the increasing angle. This might imply
that the blueshifting peaks broaden with an increment in angle
while the redshifting peak maintains or even reduces its width.
Although the Q-factor at 60° of m = —1 peak in the air reaches up
to QF =235, it drops to = 120 in liquids. Such a behavior can be
explained by the MQ-factor, which for those specific conditions
in the air (MQF = 17.3) is lower compared to that in liquid (MQF
~ 57), indicating that although the resonance obtained in the air
is narrower, it is of lower intensity than in liquids. Another as-
pect observed in the MQ-factor graph is a drop at 30° for the m
= ~1 when the resonant peak falls within the water absorption
zone, reducing its intensity. Among all, the latter m = —1 reso-
nance provides the highest qualities (MQF > 15), exhibiting nar-
row and intense peaks, particularly at 87, 15°, and 60° which do
not coincide with absorption zones.

A distinct trend is observed in the wavelength shift (Figure
$3, Supporting Information) and sensitivity (Figure 6¢) depen-
dence on the angle, since at larger angles both p-polarization res-
onances decrease in sensitivity (from S=876 nm/RIU at8“ to S =
826 nm /RIU at 60° for m =—1) and exhibit smaller shifts in spec-
tra. Conversely, the shift of m = x1 resonance at s-polarization
increases with angle, enhancing the sensitivity of such platform
from $ =807 nm/RIU at 8° up to S = 933 nm/RIU at 60°. Despite
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the increasing sensitivity of the s-polarization peak, the FOM
(Figure 6d) for the same m = +1 peak maintains a decreasing ten-
dencyas it broadens while blueshifting, dropping from FOM of =~
38 RIU™" at8° to 24 RIU™' at 60°, Since m= —1 retains its narrow
resonances with the angle, the FOM significantly rises atlarge an-
gles from 24 RIU™" at 8° to = 57 RIU " at 60°. Overall, while the
angular increment improves the sensitivity of the s-polarization
peak and lowers it for p-polarization peaks, the angle-associated
blueshift broadens the peaks whereas the redshift preserves nar-
row resonances, thus changing the overall trend for FOM and
sensor's functionality. Therefore, a choice of a usable peak de-
pends on the angle: at lower angles, the s-polarization is prefer-
able due to its higher FOM, while for angles above 20° the m =
—1 becomes more advantageous, excluding the overlapping with
absorption zones.

The Ag—Au nanobumps presented here are comparable to
other plasmonic structures used for sensing applications. While
some nanostructures may outperform others in specific perfor-
mance metrics, it is uncommon for one to excel in all aspects. In
Table 1, we compare several HLPR-exciling nanostructure grat-
ings fabricated using various techniques. The sensitivity com-
parison reveals that our nanobumps achieve the highest value
among the compared gratings, exceeding 800 nm/RIU, and thus
provide a robust response to low RI changes. Gold nanodiscs pro-
duced with photolithography show a similar FOM to nanobumps
presented here, while gold nanopillars demonstrate an excep-
tional FOM of 112 RIU"! outperforming DLW bumps.**| How-
ever, these nanopillars are manufactured using slow and hardly
scalable electron beam production. In contrast, a clear advan-
tage of the Ag—Au nanobumps lies in the rapid production rate
and scalability of a comparatively high-performance plasmonic
sensing platform. A comparable DLW lithography approach has
also been applied to fabricate gold columns, providing similarly
fast sensor production and comparable FOM values, though with
lower sensitivity characteristics.!”*! Despite using a similar tech-
nique, our approach offers the formation of periodic structure
straight out of metal, without the need for any use of polymers.
In addition, since SPR sensing is already widely applied in com-
mercial sensing systems, it is worth noting the standards used
in industry. Many commercial SPR instruments (Biacore) are
prism-based devices relying on angular interrogation.'*! There
are also LSPR-based instruments (Nicoya OpenSPR) that imple-
ment icles for wavelength interrogation.””” However,
grating-coupled sensing platforms are still not widely adopted in
industry. Despite this, grating-coupled devices offer significant
advantages: they eliminate the need for bulky prisms, enabling
more compact and integrable sensor designs, while still achiev-
ing comparable sensing parameters. Furthermore, free-form de-
sign allows for a fAexible and easily scalable sensing area, which
could be tailored for specific application needs.

com

3.4, Repeatability of the Sensing Platform

The repeatability of the sensing platform was explored by pro-
ducing three Ag25Au25 samples with identical parameters and
evaluating their sensing parameters. Measurements in air and
glycerol of 3.4% concentration at an 8° angle are presented in
Figure 7a,b, where different-colored lines correspond to differ-
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ent samples, allowing a direct comparison of their spectral re-

p Alli igated gratings exhibit diffractive resonances
at similar wavelengths in air, with only minor deviations at-
tributed to slight variations in the grating fabrication process, In
liquids, a larger wavelength distribution of 10 nm is observed,
which marks slight differences in the sensitivity of the gratings.
Despite that, a resonant increasing shift is constant and linear
for each sample (Figure 7¢), confirming the stability of the sen-
sor's response. While small differences in the initial positions in
air and resonant shifts lead to slight variations in sensitivity and
resonance quality among the samples, the overall trends remain
reproducible.

The comparison of different samples reveals a high similarity
in the resonance quality. For the m = +1 peak, the MQ-factor is
approximately 9, 7.8, and 8.6 for the three samples, respectively,
while for the m = +1 peak, it is around 6.9, 5.4, and 6.5. The
highest values are observed for the m = —1 resonance, with MQ-
factors of 13.1, 11.5, and 13.7. Although the second example ex-
hibits slightly lower quality, its values remain comparable to the
other two samples. These minor deviations could be attributed
to inaccuracies in sample fabrication, like energy fluctuations.
However, the main aspect is the repeatability of the platform’s
sensitivity and FOM, demonstrating its reliability.

The calculated sensitivities (Figure 7d) remain consistent
among the samples with only a minor deviation. The values
are close to 804 nm/RIU for the s-polarization peak, around
790 nm/RIU for the m = +1 peak, and reach 870 nm/RIU for the
m = —1 peak. The FOM values for p-polarization peaks remain
stable through all three samples. The only notable difference is
observed in the s-polarization resonance, where a bit lower FOM
is obtained due to the peak’s reduced intensity. These results fur-
ther confirm the reliability of the sensor and the ability to repro-
duce the sensor of required parameters accurately.

3.5. Durability and Reusability of the Sensing Platform

Finally, the durability and reusability of the sensing platform
were investigated by ring the sample spectra after 6
months to determine any potential degradation in performance.
The samples were stored in a dry and dark box at a room tem-
perature (20-22 “C) with a relative humidity in the range of 20~
50%. Since the chamber is artached to the sample, it serves as
a protective layer, preventing surface contamination, oxidation,
and mechanical damage to the silver-gold layer and grating. The
reflectance spectra, shown in Figure 8, present measurements
taken on the day of fabrication (solid lines) and after 6 months
(dashed lines). Despite long-term storage, the resonant wave-
lengths for all three peaks (m = +1, m = +1, and m = —1) remain
unchanged, proving the stability of the grating and the preserva-
tion of the plasmonic properties. Although minor variations in
peak intensities are observed, which could be attributed to slight
changes in sample positioning, the resonance positions and their
shift in response to liquid Ris remain consistent. The calculated
sensitivity values are maintained, while only a small error is ob-
served for FOM, as the peak intensity and width vary minimally.
Such long-term stability confirms the robustness of the platform,
making it suitable for practical applications where durability and
prolonged measurements are required,

© 2025 Wiley-VCH GmbH
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4. Conclusion

In this work, periodic nanobump arrays were fabricated on gold,
silver, and silver-gold bilayer, and their application as refrac-
tive index sensors was investigated. Due to the grating cou-
pling of plasmonic modes, prominent resonant peaks were ob-
served in reflectance spectra across all metal configurations. The
peaks were determined to be highly sensitive to environmental
changes, exhibiting a redshift with an increasing refractive in-
dex of the liquid. Among the tested metals, the silver-gold bi-
layer turned out to be the optimal sensor design, as it effec-
tively combines the advantageous properties of both metals. Our
study has demonstrated that each diffractive peak reacts uniquely
to changes in refractive index, with different sensitivities and
figures of merit. The resonance dependence not only on the lig-
uid RI but also on the angle of incidence has been explored, lead-
ing to a sensitivity of S=933 nm/RIU and FOMof 57 RIU . Ad-
ditionally, the ing platform d rated high stability with
great repeatability and durability throughout the
in time, as confirmed by performed measurements. Overall, the
presented approach offers an easily scalable and rapid fabrica-
tion method for high-performance plasmonic sensing platforms,
with a promising way for practical applications in environmental
monitoring and biochemical detection.
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Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This project has received funding from the Research Council of Lithuania
(LMTLT), agreement No. S-TPP-23.14. The authors would like to thank
prof. Algirdas Selskis for SEM analysis.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the
ding author upon ble request.

P

Declaration of generative Al and Al-assisted
technologies in the writing process

During the preparation of this wark the authors used Deepl Write in or-
der to improve clanty and style of the English language. After using this

tool/service, the authors reviewed and edited the content as needed and
take full responsibility for the content of the publication.

Keywords

direct laser writing, grating<oupled r
plasmonic sensor, silver-gold bilayer

e, periodic

Received: June 5, 2025
Revised: August 6, 2025
Published online: August 29, 2025

Adv. Mater. Technol. 2025, 10. €07199

€01199 (13 of 14)

www.advmattechnol.de

[1] a) K Yang, X Yao, B. Liu, B. Ren, Adw, Mater. 2021, 33, 2007988; b) |.
Jiang, X. Wang, S. Li, F. Ding, N. Li, S. Meng, R. Li, ). Qi, Q. Liu, G. L
Liu, Nanophotonics 2018, 7, 1517;¢) K. A Sergeeva, D. V. Paviov, A. A.
Seredin, E V. Mitsai, A. A Sergeev, E. B. Modin, A. V. Sokolova, T. C.
Lau, K- V. Baryshnikova, M. | Petrov, S. V. Kershaw, A. A. Kuchmizhak,
K.S. Wong, A. L Rogach, Adv. Funct. Mazer. 2023, 33, 2307660; d) A.
A Sergeev, D. V. Paviov, A. A. Kuchmizhak, M. V. Lapine, W. K. Yiu,
Y. Dong, N. Ke, S. juodkazis, N. Zhao, S. V. Kershaw, A. L. Rogach,
Light Sai. Appl. 2020, 9, 16
a) ). Zheng, X, Cheng, H. Zhang, X. Bai, R. Aj, L. Shao, |. Wang, Chem,
Rev, 2021, 121, 13342, b) T. An, B. Zhu, Y. Ling, S. Gong, W, Cheng, |,
Mater. Chem. A2019, 7, 14233, c) V. Petrikaite, |. Ignatjev, A. Selskis,
C. Niaura, E. Stankevitius, Opt. Laser Technol. 2024, 168, 109956,
a) C. Ruiz de Galarreta, N. Casquero, E. Humphreys, |. Bertolotti,
). Solis, C. D, Wright, |. Siegel, ACS Appl. Mater. Interfaces 2022, 14,
3446, b) T. H. Chow, Y. Lai, X. Cui, W. Lu, X. Zhuo, . Wang, Small 2019,
15, 1902608; c) ). Pang, |. G. Theodorou, A, Centeno, P. K. Petrov, N.
M. Alford, M. P. Ryan, F. Xie, . Mater. Chem C2017, 5,917.
[4] M. Hentschel, |. Karst, H. Giessen, Adu Opt. Mater. 2020, 8, 2000879,
[S] K- Volk, ). P. S. Fitzgerald, P, Ruckdeschel, M. Retsch, T. A. F. Kénig,
M. Karg, Adv. Opt. Mater. 2017, 5, 1600971,
[6] a) Y. Zhang, Z. Liang, A. P. Zhang, H.-Y, Tam, Adv. Opt. Mater. 2021,
9,2001368; b) X. Zhao, |. Wen, M. Zhang, D. Wang, Y. Wang, L Chen,
Y. Zhang, |. Yang, Y. Du, ACS Appl. Mater. Interfaces 2017, 9, 7710.
[7] ). Hwang, Y. Zhang, B. Kim, ], Jeong, |. Yi, D. R. Kim, Y. L Kim, A
Urbas, G. Ariyawansa, B. Xu, Z. Ku, C. H. Lee, Adw Sci. 2024, 11,
2404870,
[8] T.Pinheiro, M. Morais, S. Silvestre, E. Carlos, ). Coelho, H. V. Aimeida,
P. Barquinha, E. Fortunato, R. Martins, Adu. Mater. 2024, 36, 2402014,
[9] a) E. H. Waller, S. Duran, G. v. Freymann, Nanophotonics 2023, 12,
1549; b) H. Zhu, L Chu, H. v, Q. Ye, S. Juodkazis, F. Chen, Adw Sdi,
2024, 11, 2402840
[10] a) K. Vilkevi¢ius, A, Selskis, E. Stankevidius, Appl. Surf. Sci. 2023, 617,
156629; b) Y. Nakata, T. Okada, M. Maeda, jpn. J. Appl. Phys. 2003, 42,
L1452; ¢) S. Gao, X. Li, Y. Lian, S. Zhou, X. Zhang. Z, Fu, |. Huang,
Opt. Laser Technol. 2022, 151, 108035; d) D. Paviov, S. Syubaev, A
Kuchmizhak, S: Gurbatov, O. Vitrik, E. Modin, S. Kudryashov, X.
Wang, S. Juodkazis, M. Lapine, Appl. Surf, Sci. 2019, 469, 514.
[11] K. Vilkevitius, K. Cepaitis, A Selskis, E. Stankevicius, Opt. Laser Tech-
nol. 2025, 183, 112330
[12] D. Murugan, M. Tintelott, M. S. Narayanan, X.-T. Vu, T. Kurkina, C
Rodriguez-E egger, U. Sch berg, ). Dostalek, S. Ingebrandt,
V. Pachauri, Adv. Opt. Mater. 2024, 12, 2401862,
[13] a) V. G, Kravets, A V. Kabashin, W. L. Barnes, A. N. Grigorenko,
Chem. Rev. 2018, 118, 5912; b) A. D. Utyushev, V. . Zakomimyi, .
L. Rasskazov, Rev Phys. 2021, 6, 100051,
2) M. Juodenas, N. Khinevich, G. Klyvis, . Henzie, T. Tamuleviéius,
S. Tamulevitius, Nanoscale Horiz 2025, 10, 142; b) A Danilov, G
Tselikov, F. Wu, V. G. Kravets, I. Ozerov, F. Bedu, A, N. Grigorenko, A.
V. Kabashin, Biosens. Bioek ctron. 2018, 104, 102 <) B. Wang, P. Yu, W.
Wang, X. Zhang, H.-C. Kuo, H. Xu, Z. M, Wang, Adw. Opt. Mater, 2021,
9, 2001520; d) Z.-T. Huang, C.-W. Yin, Y..H. Hong, H. L, K.-B. Hong,
T.S Kao, M.-H, Shih, T-C. Lu, Adv. Opt. Mater. 2021, 9, 2100299,
a) T. Maurer, P.-M. Adam, G. Lévéque, Nanophotonics 2015, 4, 363; b)
R. Liud icius, K. Vilkevicius, E. Stankewicius, Appl. Surf. Sa. 2025,
711, 164127,
[16] E. Stankevitius, K. Vilkevi&ius, M. Gedvilas, E. BuZavaite-Verteliené,
A Selskis, Z. Balevicius, Adv. Opt. Mater. 2021, 9, 2100027.
[17] a) L. Guo, |. A. Jackman, H.-H. Yang, P. Chen, N..J. Cho, D.-H. Kim,
Nano Today 2015, 10, 213; b) ). Zeng, Y. Zhang, T Zeng, R. Aleisa, Z.
Qiu, Y. Chen, J. Huang, D. Wang, Z.Yan, Y. Yin, Nano Today 2020, 32,
100855.
[18] a) V. Coviello, D. Badocco, P, Pastore, M. Fracchia, P. Ghigna, A.
Martucdi, D. Forrer, V. Amendola, Nat. Commun. 2024, 15, 834;b) |,

2

B

[14]

5]

© 2025 Wiley-VCH CmbH

213



RAEHATS

www.advmattechnol.de

SCIENCE NEWS
Wwww. ad\ d: cLom
Darmadi, S. Z Khai D. Tomecek, C. Langt L ACS Appl. 2013, 29, 5638; €) S. Saxena, Y. Rastogi, N. K. Sharma, Plasmanics

Nano Mater 2021, 4, 8716; ¢) N. Li, A. Tintl, S. ‘Yue, H. Giessen, C.
Song, B. Ding, N. Liu, Light Sci. Appl. 2014, 3, 226,

) K. Vilkevigius, I. Ignatjey, A. Selskis, G, Niaura, E. Stankevicius,
Appl Surf. Sci. 2024, 660, 160003; b) |.-M, Kim, C. Lee, Y. Lee,
J. Lee, S-). Park, S. Park, J-M. Nam, Adv. Mater 2021, 33,
2006966.

a) O. Tokel, U. H. Yildiz, F. Inci, N. G. Durmus, O. O. Ekiz, B, Turker,
C. Cetin, S. Rao, K Sridhar, N. Natarajan, H. Shafiee, A. Dana, U,
Demirci, Sci. Rep. 2015, 5,9152; b) F. Inci, Y. Saylan, A. M. Kojouri, M.
G. Ogut, A, Denizli, U. Demirci, Appl. Mater. Today 2020, 18, 100478;
¢) A Vizquez-Guardado, F. Mehta, B. Jimenez, A Biswas, K. Ray,
A. Baksh, S, Lee, N, Saraf, S, Seal, D. Chanda, Nano Letz. 2021, 21,
7505 d) D. Kotlarek, M. Vorobii, W. Ogieglo, W. Knoll, C. Rodriguez-
Emmenegger, ). Dostalek, ACS Sens. 2019, 4, 2109; &) M. Couture, S.
S. Zhao, ).-F. Masson, Phys. Chern. Chem. Phys. 2013, 15, 11190; f] B.
Spackova, P. Wrobel, M. Bockova, ). Homola, Proc. IEEE 2016, 104,
2380.

a) F.A Sayed, H. A Elsayed, M, Al-Dossari, M, F. Eissa, A. Mehaney,
A H. Aly, Sci. Rep. 2023, 13, 21793; b) K. Lodewijks, ). Ryken, W. Van
Roy, G. Borghs, L. Lagae, P. Van Dorpe, Plasmonics 2013, 8, 1379, ¢}
C. Zhang, Z. Liu, C. Cai, Z, Yang, Z-M. Qi, Opt. Letz. 2022, 47, 4155;
d) H. Altug, S-H. Oh, S. A. Maier, |. Homola, Nat. Nanotechnol. 2022,
17.5.

a) M. Gao, W. Yang, Z. Wang, S. Lin, |. Zhu, Z Yang, Photon. Res.
2020, 8, 1226; b) Y. Xu, P. Bai, X. Zhou, Y. Akimov, C. E. Png. L-K.
Ang, W. Knoll, L Wa, Adv. Opt. Mater. 2019, 7, 1801433; ) D. Wang,
A Yang, A.|. Hryn, G. C. Schatz, T. W. Odom, ACS Photonics 2015, 2,
1789; d) B. Liu, S. Chen, |. Zhang, X. Yao, . Zhong, H. Lin, T. Huang,
Z Yang, ). Zhu, S. Liy, C. Lienau, L Wang, B, Ren, Adv. Mater. 2018,
30, 1706031,

a) S. Agir, B. Ugur, M. Jalilzadeh, |. Gokeirk, D. Turkmen, ACS Omega
2023, 8, 492; b) F. B. Kamal Eddin, Y. W. Fen, N. A S. Omar, |. Y. C.
Liew, W. M. E. M. M. Daniyal, Spectrochim. Acta, Part A 2021, 263,
120202

a) S. Rossi, E. Gazzola, P. Capaldo, G. Borile, F. Romanato, Sensors
2018, 18, 1621; b) D. Le, A. Ranta-Lassila, T. Sipola, M. Karppinen,
). Petaja, M. Kehusmaa, S, Aikio, T-L. Guo, M, Roussey, |. Hiltunen,
A. Popov, Photon. Res. 2024, 12,947 ¢) S. Sarkar, T. A. F. Kénig, Ady.
Sens. Res. 2024, 3, 2300054; d) C. Valsecchi, A, C. Brolo, Langmuir

21

122

[23)

[24)

Adv. Mater. Technol. 2025. 10, e01199

01199 (14 of 14)

2025, https: //doi.org/10.1007/s11468-025-02799- 7.

[25] a) S. Gao, X. Shang, H. Yu, L Shi, L. Zhang, N, Wang, M. Qiu, Opr.
Express2022, 30, 25536, b) H.-L. Du, N, Kan, B. Li, Q. Wang, Opt. Laser
Technol. 2025, 181, 111697; ¢) R, Huang, L. Long, Q. Deng. Z.-Y. Li,
Opt. Laser Technol. 2023, 167, 109796.

[26] S. Kedenburg, M. Vieweg, T. Gissibl, H. Ciessen, Opt. Mater. Express
2012, 2, 1588,

[27) a] D. Jakubezyk, G, Derkachov, K. Nyandey, 5. Allkh
Derkachova, Sdi. Data 2023, 10 894 b)j E. Saunders, C. Sanders.

H. Chen, H.-P. Loock, Appl. Opt. 2016, 55, 947.

a) X. Yuan, Z Niu, L Liu, Y. Zeng. L Ma, Z. Nie, Z, Tian, D. Kai, F.

Zhang, G. Liu, S. Li, Z. Yuan, Biosensors 2023, 13, 946; b) Y. Zeng,

J- Zhou, W. Sang, W. Kong, J. Qu, H. P. Ho, K. Zhou, B. Z. Gao, |.

Chen, Y. Shao, front. Chem. 2021, 9, 801355; ¢) S. Celiksoy, W. Ye, K.

Wandner, K. Kaefer, C. Sonnichsen, Nano Lets. 2021, 21, 2053; d) Z.

Huo, Y. Li, B. Chen, W. Zhang. X. Yang, X. Yang, Talanta 2023, 255,

124213,

[29] R. Liudvinavitius, A. Selskis, E. Stankevigius, Opt. Laser Technol. 2024,
175, 110807,

[30] K.Vilkevigius, G. D. Tsibidis, A. Selskis, E. Stratakis, E. Stankevicius,
Adv. Opt. Mater. 2024, 12, 2400172,

[31] M. Seo, ). Lee, M. Lee, Opt. Express 2017, 25, 26939.

[32] a) M. Couture, T, Brulé, S. Laing, W. Cui, M. Sarkar, B, Charron, K.
Faulds, W, Peng, M. Canva, |.-F. Masson, Small 2017, 13, 1700908; b)
A, E Cetin, A, A. Yanik, C Yilmaz, S. Somu, A. Busnaina, H. Altug,
Appl. Phys. Lett. 2011, 88, 111110,

[33] P.Urbancova, D. Pudis, M. Goraus, |. Kovac, Nanomaterials 2021, 11,
1163.

[34] a) 5.C. B. Gopinath, Sens. Actuators, 82010, 150, 722; b) N. Khansili,
G. Rattu, P. M. Krishna, Sens. Actuators, B 2018, 265, 35; c) |. Ryken,
J. Li, T. Steylaerts, R. Vos, ). Loo, K. Jans, W. Van Roy, T. Stakenborg,
P. Van Dorpe, |. Lammenyn, L. Lagae, Sens. Aduators, B 2014, 200,
167,

[35] a) E.K. Hanson, R. ). Whelan, Sensors 2023, 23, 483 1; b) E. K. Hanson,
C.-W. Wang, L. Minkoff, R. |. Whelan, Sensors 2023, 23, 6703,

[36] J. P- Monteiro, L. B. Carneiro, M. M. Rahman, A. G. Brolo, M. |, L
Santos, |. Ferreira, E. M. Girotto, Sens. Actuators, 8 2013, 178, 366.

[37] ). Zhu, Z. Wang, S. Lin, S. Jiang, X. Liu, S. Guo, Bosens. Bioelectron.
2020, 150, 111905.

deh-Arani,

28]

@ 2025 Wiley-VCH GmbH

214



Supporting Information

High-quality plasmonic Ag-Au bilayer nanobump grating sensor

Kernius Vilkevicius® Tomas Rakickas, and Evaldas Stankeviéius

148

-~ G ;

Refractive index

Sellmeier dispersion equation

] n*(N=A+(BNY(N-C,)+(BN)(A-C,)

Water Glycerol
1 1.6062+3E-5
(| 0.75832+0.00082 | 0.0622+4E-4
.1 0.01007+0.00027 7.99+0.05
0.08495+0.001912| 0.53803+3E-5
. | 8.91377+1.35076 0.0181+1E-5

1.30 t }

i L
800 1000 1200

L
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Wavelength (nm)

Figure S1. Dispersion curves of ultrapure water (black line) and glycerol of 1.7% (red), 3.4%
(blue), 5.1% (magenta), 6.8% (green), and 100% (cyan) concentrations. The coefficients in the
table are given for the Sellmeier dispersion equation of deionized water and glycerol according
to Kedenburg et al. %! and Jakubezyk et al 2" Solid lines depict the experimentally obtained
values and dashed lines mark the values calculated according to the dispersion formula.
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Figure S2. Reflectance spectra in air environment with (dashed line) and without (solid line)
chamber for Au (a), Ag (b), and AgAu (c) samples. The response 1s shown for 8° (black and
red) and 15° (blue and green) angles for both s- (black and blue) and p-polarization (red and
green).
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Table S1. 2D bump grating sensing parameters for m==+1 resonance at an 8° angle of incidence.

Sample | Environment | S [nm/RIU] | FOM [RIU"]| Q-factor MQ-factor

Al " 31840 6.6+0
Water 293 396207 71201
Glycerol 1.7% 294 39.1£02 74+0.1
el e TR 312 4144005 | 7.8=003
Glycerol 5.1% 302 40.9+05 6.8+0.1
Glycerol 6.8% 304 414%07 78201
Air " 3690 103=0
Water 402 478+004 | 14+006
Glycerol 1.7% 393 51.6=0.5 15+0.02
28 olcenisas | S0t 384 504+002 | 153%01
Glycerol 5.1% 472 62+0.2 149401
Glycerol 6.8% 455 59807 | 153+005
Air . 362+0 82+0
Water 36.6 485202 86+0.1
Glycerol 1.7% 36.8 48.8+:09 9+0.1
AFAL [ ererala g | oo 382 508+ 1 95+03
Glycerol 5.1% 41.1 54.7+£09 87+£02
Glycerol 6.8% 394 525+11 97+03

Table S2. 2D bump grating sensing parameters for m=+1 resonance at an 8° angle of incidence.

Sample | Environment | S[nm/RIU] | FOM [RIU?] Q-factor MQ-factor
Air » 25840 2240
Water 257 32602 4101
Glycerol 1.7% 238 317207 45+0.05
7942 +37
AU Clyeerol 3.4% 248 3292009 53202
Glycerol 5.1% 238 3194006 46+0.1
Glycerol 6.8% 241 32+03 53003
Air . 29-0 58+0
Water 314 40 = 0.02 74%0.1
Glycerol 1.7% 307 41£002 83003
+
8 I Glyserolzaes | o LeL6 317 40.6=02 84103
Glycerol 5.1% 324 40.9+0.1 85+02
Glycerol 6.8% 327 412+0.08 8.9+0.04
Air . 26240 5440
Water 247 36602 68+05
Glycerol 1.7% Bs5 37.9+02 71404
» +
ABAY I~ cerol3.4% | 0o +16 242 365+02 69101
Glycerol 5.1% 235 36303 6.6=0.08
Glycerol 6.8% 249 363+0.1 7+0.04
3
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Table S3. 2D bump grating sensing parameters for m»=—1 resonance at an 8° angle of incidence.

218

Sample | Environment | S [nm/RIU] | FOM [RIU] Q-factor MQ-factor
Alr - 35240 10+0
Water 26.6 36.2+0.1 8 +0.04
Glycerol 1.7% 25.2 334=03 7.7+0.1
50
Gl s L 266 PBBLI 872006
Glycerol 5.1% 25.8 34+04 8+ 0.04
Glycerol 6.8% 25.8 341+0.2 8.9=0.03
Air - 41.6+0 11.5+0
Water 327 44.7£0.02 93+02
Glycerol 1.7% 336 43.9+0.2 102+0.1
A 863 8+£27
4 Glycerol 3.4% 332 45.6=0.5 109+0.3
Glycerol 5.1% 334 46.7+0.6 11.6+0.02
Glycerol 6.8% 335 473 +0.06 125+0.08
Alr - 343+0 14+0
Water 29.8 354+0.6 13.8+04
Glycerol 1.7% 30.8 33604 134+£02
A A | e =D 302 333209 12003
Glycerol 5.1% 29.5 33.8+0.6 123+02
Glycerol 6.8% 294 359=1.1 13.1+0.2
4
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Figure S3. Resonant wavelength shift dependence on the angle of incidence in water (black
line), and glycerol of 1.7% (red line). 3.4% (blue line), 5.1% (magenta line), and 6.8% (green
line) concentrations.
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Figure S4. Resonant wavelength shift at the low-concentration of glycerol for m=+1 (a.d),
m=+1 (b.e). and m=—1 (c,f) resonances at 8° (a-c) and 15° (d-f) angles of incidence. Used liquids
are deionized water (black line), and glycerol of 0.2% (red line), 0.41% (blue line), 0.84%
(magenta line), and 1.7% (green line) concentrations. g) Dispersion curves of the same liquids.
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       𝜔  p =    n   e 2    𝜀 0 m ,   #  ( 1 )


       𝜎  e x t =   18 𝜋   𝜀  d  3 / 2  𝜆   V  N P   Im   𝜀  m     ( Re   𝜀  m + 2   𝜀  d ) 2 +    ( Im   𝜀  m ) 2 , #  ( 2 )


     Re  (   𝜀  m  ( 𝜔 ) ) ≈ − 𝜒   𝜀  d  ( 𝜔 ) ,   #  ( 3 )


       k  S P P =   k 0      𝜀  m   𝜀  d    𝜀  m +   𝜀  d ,   #  ( 4 )


    k  S P P =   k 0    𝜀  d sin 𝜃


       k  S P P =   k 0 sin 𝜃 ±   2 𝜋 n  s ,   #  ( 5 )


       𝜆  r e s , 2 D =   s   (   m 2 +   n 2 )  ( − m  sin ⁡  𝜃 ±      𝜀  m   𝜀  d    𝜀  d +   𝜀  m  (   m 2 +   n 2 ) −   n 2   si  n 2 ⁡  𝜃 ) , #  ( 6 )


     v = s ∙   f  P P , #  ( 7 )


     Q F =     𝜆  r e s  F W H M , #  ( 8 )


     M Q F =     𝜆  r e s ∙ h  F W H M ∙ 100 % , #  ( 9 )


     E F =     I  S E R S ∙   N  R    I  R ∙   N  S E R S ,   #  ( 10 )


       N  R =   V  R ∙   C  R ∙   N  A #  ( 11 )


     R =     S  r e a l    S  g e o m #  ( 12 )


     S =   Δ   𝜆  r e s  Δ n , #  ( 13 )


     F O M =   S  F W H M #  ( 14 )

