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Abstract: Three-dimensional porous nanostructures made of noble metals represent novel class of
nanomaterials promising for nonlinear nanooptics and sensors. Such nanostructures are typically
fabricated using either reproducible yet time-consuming and costly multi-step lithography protocols
or less reproducible chemical synthesis that involve liquid processing with toxic compounds.
Here, we combined scalable nanosecond-laser ablation with advanced engineering of the chemical
composition of thin substrate-supported Au films to produce nanobumps containing multiple
nanopores inside. Most of the nanopores hidden beneath the nanobump surface can be further
uncapped using gentle etching of the nanobumps by an Ar-ion beam to form functional 3D plasmonic
nanosponges. The nanopores 10-150 nm in diameter were found to appear via laser-induced
explosive evaporation/boiling and coalescence of the randomly arranged nucleation sites formed
by nitrogen-rich areas of the Au films. Density of the nanopores can be controlled by the amount
of the nitrogen in the Au films regulated in the process of their magnetron sputtering assisted with
nitrogen-containing discharge gas.

Keywords: laser ablation, noble-metal films, magnetron sputtering, nanosecond laser pulses, porous
nanostructures, plasmonics, nanosponges

1. Introduction

Three-dimensional (3D) percolated porous nanostructures made of noble metals and having large
surface-to-volume ratio have drawn significant attention due to their remarkable physicochemical
properties allowing to use them for various important applications ranging from the photo- or
electro-catalysis, water splitting, hydrogen storage to bio- and chemosensing via surface-enhanced
effects [1-5]. For most of the suggested applications, the surface-to-volume ratio defined by the
distribution, density and size of the pores within the 3D nanostructure is of crucial importance.

Recently, optical properties of 3D porous nanostructures have become a hot topic [6-10].
Specifically, the porous Au nanoparticles (also referred to as nanosponges) were shown to demonstrate
polarization-dependent scattering as well as to support long-lived electron emission associated with
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localized and propagating surface plasmon modes having remarkably high quality factors. These
optical properties make such structures appealing for various optical and nonlinear optical applications
including random lasing, enhanced photo-emission, harmonic and supercontinuum light generation,
as well as single-molecule biosensing based on metal-enhanced fluorescence, surface-enhanced Raman
scattering (SERS), infrared absorption (SEIRA), etc. Multiple sensing applications are benefited from
the random (but highly dense) arrangement of the plasmon-mediated electromagnetic hot spots within
the structure allowing to obtain the spectrally broadband signal enhancement over the entire visible
and near-IR spectral range [11-14]. Indeed, incorporation of the nanopores into the bulk plasmonic
nanostructures with a sub-wavelength overall size provides more intense SERS signal due to multiple
hot spots and enlarged surface area increasing probability for analyte molecules to reach these hot spots
[15-18]. Nevertheless, upon excitation with electromagnetic radiation, both the arrangement of the
nanosized pores and the overall nanostructure geometry govern the resulting response [19,20]. From
this point of view, the plasmonic properties of the resulting 3D porous nanostructures, their general
geometric shape as well as porosity are to be adjusted simultaneously that still remains challenging.

State-of-the-art methods for porous nanostructure fabrication generally require complicated
multi-step fabrication protocols as dealloying and soft- or hard-template synthesis [21-27], where
accurate management of the reaction conditions (temperature, composition, precursors, etc.) is crucial.
Furthermore, the minimization of the surface free energy typically leads to generally spherical-shaped
nanostructures. Seed-mediated growth provides simple and versatile method allowing to produce
arbitrary-shaped porous nanostructures [28]. However, it’s often problematically to obtain only one
desired geometry because of internal structural variations of the seeds as well as local variations
of the reaction environment. Alternatively, liquid-free lithography-based approaches as electron- or
ion-beam milling [29] are suitable for high-precision formation of geometrically-diverse nanostructures.
However, the need for upscaling of the fabrication procedure creates an economically justified barrier
for lithography-based techniques being applied for porous nanostructure fabrication and large-area
replication. In addition, post-processing is also required to impart porosity into the nanostructures.

Herein, we applied scalable easy-to-implement nanosecond (ns) laser ablation of nitrogen-rich Au
films to fabricate parabola-shaped nanobumps containing multiple nanopores inside. The nanopores
were found to originate from laser-induced explosive boiling and coalescence of the nucleation sites
formed by nitrogen-rich areas of the Au film, while the nanopore density can be controlled by amount
of nitrogen used as discharge gas for magnetron sputtering of the Au films. Most of the nanopores
hidden beneath the nanobump surface can be further uncapped using gentle etching of the nanobumps
by an Ar-ion beam to form 3D plasmonic nanosponges promising for various nonlinear optical and
sensing applications.

2. Materials and Methods

2.1. Fabrication of Au films with variable nitrogen content.

Au films of variable chemical composition were deposited onto silica glass substrates without
any adhesion sub-layer using a custom-built magnetron sputtering system. The films are deposited
using three discharge gases: argon, nitrogen and purified air. Deposition was performed at 10~2 mbar
and fixed applied voltage of 2.5 kV. At the same time, the current was maintained at a constant value
of 25 mA by dynamically adjusting the discharge gas pressure that allowed to fix the sputtering rate at
~ 1nm-s~! for all gases.

2.2. Characterization of Au films.

The actual thickness and average roughness of the films were controlled by an atomic-force
microscopy (AFM, Nano-DST, Pacific Nanotechnology, USA). Optical spectroscopic measurements
performed with an integrating sphere spectrometer confirmed the identical reflectance for all Au
films evaporated with different discharge gases (Cary 5000, Agilent Technologies, Santa Clara, USA).
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The surface chemical composition of the Au films was carefully studied with X-ray Photoelectron
Spectroscopy (XPS). XPS spectra were collected using a Kratos Axis Nova instrument (Kratos Analytical
Inc., Manchester, UK) with a monochromatic Al Ka source (source energy 1486.69 eV) at a power of
150 W. Elemental identification was carried out using survey spectra collected at a pass energy of
160 eV with 1 eV steps. A Shirley algorithm was used to measure the background core-level spectra,
and chemically distinct species in the high-resolution regions of the spectra were fitted with synthetic
Gaussian Lorentzian components after removing the background (using the CasaXPS software, v.
2.3.15). High-resolution XPS scans were performed in the N1s and Au4f regions.

2.3. Fabrication of porous nanostructures and nanosponges.

Precise pointed ablation of the Au films was performed with second-harmonic (wavelength of
532 nm), ns (pulse duration of 7 ns) laser pulses generated by an Nd:YAG laser system (Brio GRM
Gaussian, Quantel, France). The laser radiation was focused into a sub-micrometer spot on the sample
surface using a dry objective (Nikon, 50x Plan Fluor, Tokyo, Japan) with a numerical aperture of
0.65 (1/e-diameter of ~ 0.8 yum on the sample surface). The sample was mounted onto a PC-driven
nanopositioning platform (ANT series, Aerotech Gmbh., Nurnberg, Germany) allowing spot-by-spot
laser printing of the computer-generated patterns with the movement repeatability better than 100
nm. The pulse energy was monitored by a pyroelectric photodetector (Ophir Optronics, Jerusalem,
Israel) and adjusted by a PC-driven attenuator (Standa, Vilnius, Lithuania). All nanostructures were
produced under identical ambient conditions upon single-pulse laser irradiation.

Additionally, to reveal the nanopores hidden beneath the surface, the laser-printed nanobumps
were also post-processed via etching with an accelerated Ar-ion beam (IM4000, Hitachi, Tokyo, Japan) at
acceleration voltage of 3 kV, gas flow of 0.15 cm® /min and discharge current of 105 yA. Such parameters
were previously calibrated to provide relatively slow removal rate of ~1 nm/s [15,30], allowing to
avoid excessive heating, melting or deformation of the Au film and laser-printed nanostructures.

2.4. Characterization of laser-printed nanostructures.

Scanning electron microscopy (SEM) was performed with a Helios Nanolab 450 FIB-SEM (Thermo
Fisher Scientific, Waltham, USA). High-resolution surface characterization was conducted at an
accelerating voltage of 5 kV and electron beam current 100 pA. Signal channels with secondary
(SE) and back-scattered electrons (BSE) were simultaneously collected and analysed. Despite the
lack of topographical information, the escape depth for BSE is greater than that for SE improving
material /density sensitivity. This allows visualisation of the nanopores under the surface with high
contrast and spatial resolution.

To shed light onto the internal structure of the nanobumps (nanosponges), we involved a focused
ion beam technique to prepare single cross-sectional cuts and serial cuts that were subsequently
combined into a 3D reconstruction. After defining the area of interest, deposition (starting from electron
beam-induced deposition to prevent surface damage and followed ion beam-induced deposition) of
a ~1 um thick Pt protective layers was performed. Slicing was carried out using an Ga-ion beam
at an accelerating voltage of 30 kV and beam current of 30 pA. After producing subsequent FIB
cut, high-resolution SEM image was automatically acquired at 5 kV and 50 pA. The resulting image
had a field of view of 2.5 x 1.6 ym at a 1536 x 1024 pixel resolution, which corresponds to the pixel
size of 2.4 x 1.6 nm. A series of 111 slices were acquired and measured slice thickness was 12 nm
with standard deviation of 6.54 nm. Further data processing (including alignment, filtration, and
visualization) was performed using Aviso 8.1 software (Thermo Fisher Scientific, Waltham, USA).

3. Results and Discussion

In this paper we considered three types of glass-supported Au films produced via magnetron
sputtering in various discharges gases - argon, nitrogen and purified air (=80 % of nitrogen). Produced
films had the same thickness and showed identical diffuse reluctance as well as AFM verified surface
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Figure 1. (a) Sketch illustrating direct laser printing of porous nanostructures on a glass-supported Au
film. Single-pulse laser ablation at a near-threshold fluence produces a parabola-shaped nanobump
(nanosponge), while the explosive boiling of randomly distributed nitrogen-rich sites create a nanoscale
pores inside irradiated area. High-intense laser pulse drills a through hole where the nanopores can be
found in the surrounding resolidified rim. (b,c) Representative top- and side-view SEM images of the
isolated laser-printed nanosponge. The top-view image is divided into two parts (recorded at different
e-beam acceleration voltage) to illustrate multiple nanopores hidden beneath the nanobump surface.
(d) False-color SEM images of the cross-sectional FIB cuts made through the center of the nanobump.

roughness of about 24:0.7 nm. This guarantied identical coupling of the incident ns-laser pulse energy
to all types of metal films under study (Figure 1a). Such laser pulse induces thermalisation of charge
carriers in the metal film that results in its local melting accompanied by detachment from the substrate
via relaxation of the thermal-generated stress or evaporation at the interface between the film and
the substrate [31,32]. At a pulse energy that is smaller than the ablation threshold (Fy, ~ 0.17 ] /cm?),
detached metal shell resolidifies before its rupture forming parabola-shaped surface protrusion (also
referred to as nanobump; Figure 1b,c). Typical laser-printed nanobump on the surface of 150-nm
thick Au film sputtered with nitrogen discharge gas is illustrated by corresponding top- and side-view
SEM images. The former image combines the signals from the SE and BSE detectors giving useful
information regarding either a surface morphology or difference in chemical composition/density. The
latter allowed to reveal nanoscale pores under the surface of the nanobump that can be also visualized
by producing its FIB cross-sectional cuts (Figure 1d).

At elevated laser fluence (F> 0.23]/cm?), rupture of the nanobump led to formation of the through
hole in the metal film. In this case, the multiple nanopores can be identified within the resolidified rim
surrounding the microhole as revealed by SEM visualization of the FIB cuts (see Figure 2a). Generally,
for the fixed composition of the Au film, higher laser fluences produced the nanopores of the larger size
indicating temperature-driven nature of the nanopore formation process (not shown here). To enrich
information regarding the density and geometry of the nanopores, multiple FIB cuts were merged to
build exact 3D model of through hole and the surrounding rim (Figure 2b,c). This 3D model clearly
indicates broad size distribution of the nanopores ranging from 10 to 150 nm. Also, average size of
the nanopores in the rim increases towards the center of the microhole reflecting similar temperature
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elongated

nanopores

Figure 2. (a) False-color SEM images of cross-sectional FIB cuts made through the center of the
microhole. (b,c) Distribution of the nanopores in the rim around a through hole visualized by
tomographic 3D model reconstructed using serial FIB cuts. Several elongated irregular-shaped
nanopores are highlighted in the figure. (d-f) Top-view SEM images of the nanobumps produced under
single-pulse irradiation of the Au films (F~0.19 J/ cm?) produced with argon (d), purified air (e) and
nitrogen (f) discharge gases, respectively.

profile in the Au film irradiated with a Gaussian laser pulse. The larger nanopores can have irregular
shape and reach the size ~ 150 nm (Figure 2c), while the smaller nanopores far from the rim walls
preserve spherical-like geometry. In part, broad size distribution of the nanopores could be explained
by merging (coalescence) of the closest nanopores growing from neighbouring randomly distributed
nucleation centers. Origin of such nucleation centers will be discussed somewhat later in the paper in
the context of chemical composition of the metal film fabricated with different discharge gases. Earlier
coalescence was suggested as a leading mechanism of the water bubbles growing on dispersed gold
nanoparticles heated by incident laser radiation [33,34]. As two bubbles with radii  merge, the gain in
the surface energy E.. = 471r20(2 — 22/3) compensates the work of viscous forces needed to move the
melt over a distance ~ r at a velocity, which can be estimated as v ~ r/t. Here, t is the time needed for
this melt relocation and o = 1.1 N/m is the surface tension [35]. Using Newton's law of viscosity to
calculate the energy dissipation force F = v A /4, where A = 47tr? - the surface area of the bubble,
17 =4 x 1073 Pa s - viscosity of liquid gold [35], and d}, ~ r - the characteristic length scale of the flow,
we estimate the energy loss as E_ = 47iyr3 /t. Equalizing E and E_ we estimate the time for two
bubbles to merge t ~ yr/c ~ 10 — 100 ps (estimated for ¥ = 3 — 30 nm), which is less than the time
gold film remains liquid. Hence, coalescence of the bubbles provides a plausible explanation of the
observed distribution of the pore sizes.

Noteworthy, different growth times of the pores can be also considered as alternative way to
explain the large size variation of the nanopores. In particular, the pores started growing short after
the onset of the melting had more time to develop than that ones started just before the resolidification.
This assumption cannot be accepted because of the low growth velocity of the bubbles. Wang et al.,
[34] reported that during the initial bubble nucleation phase the bubble size R grows with time as
R o t1/6 (we notice that at later stages in degassed water this dependency drops to R o« t%97, whereas
in air-equilibrated water R « t!/3). Hence, to get one order of magnitude difference in the nanopore
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Figure 3. XPS characterization of the Au films produced using different discharge gases. (a)
Representative Au4f photoemission spectra measured from the glass-supported Au film produced
with nitrogen discharge gas. (b-e) N 1s core-level photoemission spectra of the Au films produced
using magnetron sputtering assisted with various discharge gases: argon (b), purified air (c), nitrogen
(d), nitrogen followed by thermal annealing at 200°C for 2 h (e). Deconvolution of the obtained spectral
signal allowed for identification of several characteristic peaks highlighted by the colored areas in
(a,c-e).

radii, the times should differ by six orders magnitude. If the earliest possible nucleation starts after ten
picoseconds after the start of the laser pulse (time comparable with the electron-phonon coupling times
in metals), then the smaller pores formation must start several microseconds later, which is impossible
because the resolidification happens on a time scale of several nanoseconds.

In a similar way, the broad size distribution can not be explained by local temperature fluctuations
(pores at hot spots grow quicker) as the R(t) « T1/3 [34]. Hence, three-orders-of-magnitude fluctuation
of the local temperature in gold separated by a distances much less than one micrometer is obviously
not possible. Spontaneous merging (coalescence) of several nanopores into the larger one can also
stimulate rupture of the nanobumps and can explain formation of the through nanoholes previously
reported for AuPd films processed with ns laser pulses [36]. The average pore size was observed to
grow with the laser intensity, as it was shown in [15]. This can be explained by cooperative action
of two mechanisms: (1) each pore grows more rapidly, since the temperature is higher and the pore
radius R(t) & T1/3. (2) The metal film remains molten for a longer time and the coalescence-based
growth is stopped by the resolidification after a longer time interval ¢ « T, so that more pores can
merge together.

Remarkably, the density and the average size of the nanopores started to grow from randomly
distributed nucleation centers were found to depend on the type of discharge gas used for the film
fabrication. More specifically, negligible amount of nanopores was found for the nanobumps produced
on the surface of Au films sputtered with Ar (see Figure 2d). The maximal density of the nanopores
was observed for the Au film evaporated with nitrogen discharge gas, decreasing for the Au film
produced in purified air (Figure 2e,f). Taking into account same morphology and light absorbing
characteristics of all mentioned Au films produced with different discharge gases, the amount of
nitrogen in the film could be considered as a driving parameter that allows to control density of the
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nanopores. The molecular nitrogen can be bounded to the metal film surface as well as form chemically
stable AuN phase upon magnetron sputtering as it was reported by several previous studies [37-39].

XPS measurements were performed to understand the effect of the discharge gas used for
magnetron sputtering on the resulting chemical composition of the Au films (see Methods for details).
Analyses of the deconvolved high resolution spectra taken in the N1s region revealed near-zero signal
for films produced with Ar discharge gas. However, a pronounced signal for Au films fabricated with
purified air and nitrogen (Figure 3b-d) were also observed. Deconvolution of the latter two spectra
revealed several peaks with their binding energies at ~ 401, 399 and 397.3 eV. The first high-energy
peak can be assigned either to carbonitride [39] or to molecular nitrogen (that can be adsorbed on the
metal film surface having multiple grains and cracks as well as be trapped beneath the surface [40,41]).
The two remaining peaks can be attributed to chemically stable gold nitride phases AuN; as well
as to oxynitrides [37-39]. All of the different Au films demonstrated similar Au4f XPS spectra with
low-intense shoulders (marked by blue areas in the Figure 3a) shifted towards larger binding energies
near both low- (Au4f; ;) and high-energy (Au4fs,,) peaks. These shoulders can be indicative of stable
chemical compounds like surface bonded carbon (AuC) or nitrogen (AuNy) as shown in previous
studies [39]. However, the similarity of the signals obtain from different Au films does not clarify the
exact chemical nature of these low-intense shoulders where signals from different compounds could
overlap. To confirm such peak assignment, the Au film sputtered with nitrogen was further annealed
at 200°C for 2 h. Thermal annealing was expected to remove thermodynamically unstable compounds
(such as oxynitrides) as well as most of the molecular nitrogen from the near surface layer probed
by XPS. N1s core-level spectra of the annealed Au film demonstrates the only remaining peak with a
binding energy of 398.8 eV that can be presumably attributed to AuNj.

Considering the chemical composition of the Au film produced with different discharge gases we
can suggest the following scenario regarding formation of the nanopores upon ns-pulse laser ablation.
Such laser pulse with a near-threshold fluence rapidly heats up the Au film to temperatures above
103 K. Such temperature jump is expected to remove all molecular nitrogen from the exposed area
as well as induce an explosive boiling of the N- or AuN,-rich areas of the film. The data regarding
melting /boiling temperatures of gold nitrides is weakly discussed in a literature. For example,
annealing at 90°C was shown to remove AuN, from the film [37], while present studies clearly
showed signature of AuN, remaining even after annealing at 200°C. Anyway, both melting /boiling
temperatures of gold nitrides are expected to be much lower comparing to those for the pure gold. The
light absorption should be initiated at the Au grain boundaries where also nitrogen adsorption should
occur. The ionisation potential of Au is 9.23 eV while that of nitrogen is 14.53 eV (for O - 13.62 eV). The
laser pulse driven avalanche ionisation of gold is seeding the energy deposition which is evolving into
run away ablation (melting, evaporation, ionisation).

The general geometry of the surface structure produced by direct laser ablation is defined
by the laser irradiation parameters (fluence, pulse width and beam profile [42]) as well as by the
thickness/composition of the metal film [32,43]. Our results clearly show that advanced chemical
engineering of the metal film composition gives additional degree of freedom allowing to modify
morphology of the laser-printed structures at the nanoscale, namely, incorporate the nanopores and
control their density. However, a large amount of the nanopores is typically hidden beneath the top
metal shell of the nanobump that limits the potential range of practically relevant applications. To
make morphology of the laser-printed nanobumps more functional, we applied gentle etching of the
laser-printed nanobumps with unfocused Ar-ion beam schematically illustrated on the Figure 4a.
The processing parameters were calibrated to ensure gradual removal of the Au film without melting
and deformation of the nanobumps geometry (see Materials and Methods). Two representative
SEM images in the Figure 4b,c compare nanoscale surface morphology of the nanobump before
and after its etching with Ar beam for 20 min. As can be seen, etching reveals the multiple hidden
nanopores making the nanobump shell surface perforated with multiple through nanoholes. Besides
the rather random arrangement of the nanopores (nanoholes), general geometry of the produced
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Ar’ beam
etching for 20 min

~ plasmonic nanosponge

Figure 4. (a) Schematic illustration of the nanosponge fabrication. (b,c) Representative side-view SEM
images comparing typical morphology of the nanobump before and after its etching with Ar-ion beam.
(d) SEM image of the nanosponge array showing how the nanosponge morphology reproduces from
pulse to pulse.

nanosponges reproduces well from pulse to pulse (see Figure 4d). Incident electromagnetic radiation
can be efficiently absorbed by such nanosponges that produce enhanced electromagnetic fields via
coupling to propagating and localized surface plasmons. Being combined with the mentioned broad
size distribution of the nanopores, the 3D nanosponges with their lateral size of about visible-light
wavelength are expected to be efficient for local EM field enhancement within rather broad spectral
range spanning from visible to near-infrared. This will allow to use such nanosponges for various
applications where highly confined plasmon-mediated EM fields are of crucial importance as nonlinear
plasmonics (enhanced higher harmonic and white light generation), bio-imaging and visualization,
photothermal conversion, sensing based on nonlinear optical effects as well as SEIRA- and SERS-based
sensing [44—48].

4. Conclusions and Outlook

Here, we propose a simple approach allowing fabrication of porous plasmonic nanostructures
using direct ns-laser ablation followed by Ar-ion beam etching. The nanopores were found to form
through the explosive evaporation/boiling of the nitrogen-rich metal film areas exposed by a ns laser
pulse. Detailed XPS and SEM analysis confirmed that the density of the nanopores correlates with the
initial amount of nitrogen in the Au films that were fabricated by magnetron sputtering assisted with
different discharge gases. Demonstrated unique porous nanostructures, parabola-shaped nanobumps
perforated with multiple nanoholes, are expected to be useful for various applications where the
plasmon-mediated electromagnetic fields are of mandatory importance as nonlinear plasmonic and
chemo-/biosensing.

In a broader context, advanced chemical engineering of the metal film composition suggested
in this paper being combined with an adjustment of the laser ablation process (as optimization of
fluence, pulse width, laser beam shaping, etc.) is expected to provide facile way for fabrication
of unique nanostructures. Also, elaborated strategy being applied to more complicated material
combinations (like metal alloys or metal-dielectric materials) will further enrich the potential types of
nanostructures as well as their application range [49-51]. For example, in a similar way nanosponges
can be produced from co-sputtered noble-metal films forming nano-alloys with engineered permittivity
as demonstrated for Au-Cu-Ag [52]. Along with plasmonic hot spot engineering, local potential defined
by the nearest atomic composition was shown to modify physical and chemical adsorption of the
analyte molecules affecting their characteristic SERS and SEIRA signals and sensor performance
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[53]. Insights into formation of metallic glasses and high entropy alloys with even large number of
constituent materials [54] will benefit from a nanoscale control of re-melting and phase-explosions
demonstrated in this work.

Author Contributions: conceptualization, A.K. and S.S.; methodology, S.G.,EM., and D.L.; software, E.M.;
validation, A.K. and S.J.; formal analysis, A.K., E.G. and S.S.; investigation, 5.S.,,E.M. and D.L.; resources, A.K.;
data curation, A.K.; writing-original draft preparation, S.S.,A. K., EM., E.G. and S.J; writing-review and editing,
AK, E.G. and S.J.; visualization, S.G.; supervision, A.K.; project administration, A.K.; funding acquisition, A.K.

Funding: This work was supported by Russian Foundation for Basic Research (projects nos. 20-32-70056) and
Ministry of Science and Higher Education (0262-2019-0001).

1. Ryu, Y.; Kang, G.; Lee, C.W.; Kim, K. Porous metallic nanocone arrays for high-density SERS hot spots via
solvent-assisted nanoimprint lithography of block copolymer. RSC Adv. 2015, 5, 76085-76091.

2. Liu, G.; Li, K;; Zhang, Y.; Du, ]J.; Ghafoor, S.; Lu, Y. A facile periodic porous Au nanoparticle array with
high-density and built-in hotspots for SERS analysis. Appl. Surf. Sci. 2020, 5, 146807.

3. Zhang, T,; Bai, Y,; Sun, Y,; Hang, L.; Li, X.; Liu, D.; Lyu, X,; Li, C.; Cai, W,; Li, Y. Laser-irradiation induced
synthesis of spongy AuAgPt alloy nanospheres with high-index facets, rich grain boundaries and subtle
lattice distortion for enhanced electrocatalytic activity. J. Mat. Chem. A 2018, 6, 13735-13742.

4, Eid, K.; Wang, H.; Malgras, V.; Alothman, Z.; Yamauchi, Y.; Wang, L. Trimetallic PtPdRu Dendritic
Nanocages with Three-Dimensional Electrocatalytic Surfaces. J. Phys. Chem. C 2015, 119, 19947-19953.

5. Santos, G.; Ferrara, F,; Zhao, F; Rodrigues, D.; Shih, W. Photothermal inactivation of heat-resistant bacteria
on nanoporous gold disk arrays. Opt. Mater. Express 2016, 6, 1217-1229.

6. Vidal, C.; Sivun, D.; Ziegler, J.; Wang, D.; Schaaf, P.; Hrelescu, C.; Klar, T.A. Plasmonic Horizon in Gold
Nanosponges. Nano Lett. 2018, 18, 1269-1273.

7. Vidal, C.; Wang, D.; Schaaf, P.; Hrelescu, C.; Klar, T.A. Optical Plasmons of Individual Gold Nanosponges.
ACS Photonics 2015, 2, 1436-1442.

8. Hergert, G.; Vogelsang, J.; Schwarz, F.; Wang, D.; Kollmann, H.; Grof3, P; Lienau, C.; Runge, E.; Schaaf, P.
Long-lived electron emission reveals localized plasmon modes in disordered nanosponge antennas. Light
Sci. Appl. 2017, 6, €17075.

9. Zhang, X.; Zheng, Y.; Liu, X,; Lu, W.; Dai, J.; Lei, D.; MacFarlane, D. Hierarchical Porous Plasmonic
Metamaterials for Reproducible Ultrasensitive Surface-Enhanced Raman Spectroscopy. Adv. Mater. 2015,
6, 1090-1096.

10. Zhong, J.; Chimeh, A.; Korte, A.; Schwarz, F; Yi, J.; Wang, D.; Zhan, J.; Schaaf, P.; Runge, E.; Lienau, C.
Strong Spatial and Spectral Localization of Surface Plasmons in Individual Randomly Disordered Gold
Nanosponges. Nano Lett. 2018, 18, 4957-4964.

11. Geng, A.; Patarroyo, J.; Sancho-Parramon, J.; Arenal, R.; Duchamp, M.; Gonzalez, E.; Henrard, L.; Bastts,
N.; Dunin-Borkowski, R.; Puntes, V.; Arbiol, J. Tuning the Plasmonic Response up: Hollow Cuboid Metal
Nanostructures. ACS Photonics 2016, 3, 770-779.

12. Garcia-Leis, A.; Torreggiani, A.; Garcia-Ramos, J.; Sanchez-Cortes, S. Hollow Au/Ag nanostars displaying
broad plasmonic resonance and high surface-enhanced Raman sensitivity. Nanoscale 2015, 7, 13629-13637.

13. Schubert, I.; Huck, C.; Krober, EP; Neubrech.; Pucci, A.; Toimil-Molares, M.; Trautmann, C.; Vogt, J. Porous
Gold Nanowires: Plasmonic Response and Surface-Enhanced Infrared Absorption. Adv. Opt. Mater. 2016,
4,1838-1845.

14. Garoli, D.; Calandrini, E.; Bozzola, A.; Ortolani, M.; Cattarin, S.; Barison, S.; Tomaa, A.; Angelis, ED.
Boosting infrared energy transfer in 3D nanoporous gold antennas. Nanoscale 2017, 9, 915-922.

15. Syubaev, S.; Nepomnyashchiy, A.; Mitsai, E.; Pustovalov, E.; Vitrik, O.; Kudryashov, S.; Kuchmizhak, A.
Fabrication of porous microrings via laser printing and ion-beam post-etching. Appl. Phys. Lett. 2017,
111, 083102.

16. Li, K; Liu, G.; Zhang, S.; Dai, Y.; Ghafoor, S.; Huang, W.; Zu, Z.; Lu, Y. A porous Au-Ag hybrid nanoparticle
array with broadband absorption and high-density hotspots for stable SERS analysis. Nanoscale 2019,
11,9587-9592.


https://doi.org/10.20944/preprints202011.0429.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 November 2020 d0i:10.20944/preprints202011.0429.v1

17. Calandrini, E.; Giovannini, G.; Garoli, D. 3D nanoporous antennas as a platform for high sensitivity IR
plasmonic sensing. Opt. Express 2019, 27, 25912-25919.

18. Ruffino, F.; Grimaldi, M.G. Nanoporous Gold-Based Sensing. Coatings 2020, 10, 899.

19. Rao, W.; Wang, D.; Kups, T.; Baradacs, E.; Parditka, B.; Erdélyi, Z.; Schaaf, P. Nanoporous Gold
Nanoparticles and Au/Al,O3 Hybrid Nanoparticles with Large Tunability of Plasmonic Properties. ACS
Appl. Mater. Interfaces 2017, 9, 6273-6281.

20.  Schwarz, F; Runge, E. Towards Optimal Disorder in Gold Nanosponges for Long-Lived Localized
Plasmonic Modes. Ann. Phys. 2017, 529, 1600234.

21. Liu, K,; Bai, Y.; Zhang, L.; Yang, Z.; Fan, Q.; Zheng, H.; Yin, Y.; Gao, C. Porous Au-Ag nanospheres with
high-density and highly accessible hotspots for SERS analysis. Nano Lett. 2016, 16, 3675-3681.

22. Li, G.G,; Lin, Y,; Wang, H. Residual silver remarkably enhances electrocatalytic activity and durability of
dealloyed gold nanosponge particles. Nano Lett. 2016, 16, 7248-7253.

23. Jiang, B.; Li, C,; Tang, J.; Takei, T.; Kim, ].H.; Ide, Y.; Henzie, J.; Tominaka, S.; Yamauchi, Y. Tunable-Sized
Polymeric Micelles and Their Assembly for the Preparation of Large Mesoporous Platinum Nanoparticles.
Angew. Chem. Int. Ed. 2016, 55, 10037-10041.

24. Jiang, B.; Li, C.; Imura, M.; Tang, J.; Yamauchi, Y. Multimetallic mesoporous spheres through
surfactant-directed synthesis. Adv. Sci. 2015, 2, 1500112.

25. Jiang, B.; Li, C.; Dag, O.; Abe, H.; Takei, T.; Imai, T.; Hossain, M.S.A.; Islam, M.T.; Wood, K.; Henzie, ] ;
Yamauchi, Y. Mesoporous metallic rhodium nanoparticles. Nat. Commun. 2017, 8, 1-8.

26. Wang, H.; Jeong, H.Y.; Imura, M.; Wang, L.; Radhakrishnan, L.; Fujita, N.; Castle, T.; Terasaki, O.; Yamauchi,
Y. Shape-and size-controlled synthesis in hard templates: sophisticated chemical reduction for mesoporous
monocrystalline platinum nanoparticles. J. Am. Chem. Soc. 2011, 133, 14526-14529.

27. Kani, K.; Malgras, V.; Jiang, B.; Hossain, M.S.A.; Alshehri, S.M.; Ahamad, T.; Salunkhe, R.R.; Huang, Z.;
Yamauchi, Y. Periodically Arranged Arrays of Dendritic Pt Nanospheres Using Cage-Type Mesoporous
Silica as a Hard Template. Chem. Asian J. 2018, 13, 106-110.

28. Zhang, Q.; Large, N.; Nordlander, P.; Wang, H. Porous Au Nanoparticles with Tunable Plasmon Resonances
and Intense Field Enhancements for Single-Particle SERS. J. Phys. Chem. Lett. 2014, 5, 370-374.

29. Arnob, M\ML.P;; Zhao, F,; Li, J.; Shih, W.C. EBL-based fabrication and different modeling approaches for
nanoporous gold nanodisks. ACS Photonics 2017, 4, 1870-1878.

30. Kuchmizhak, A.; Gurbatov, S.; Vitrik, O.; Kulchin, Y.; Milichko, V.; Makarov, S.; Kudryashov, S. Ion-beam
assisted laser fabrication of sensing plasmonic nanostructures. Sci. Rep. 2016, 6, 19410.

31.  Meshcheryakov, Y.P,; Bulgakova, N.M. Thermoelastic modeling of microbump and nanojet formation on
nanosize gold films under femtosecond laser irradiation. Appl. Phys. A 2006, 82, 363.

32. Wang, X.W.; Kuchmizhak, A.A.; Li, X.; Juodkazis, S.; Vitrik, O.B.; Kulchin, Y.N.; Zhakhovsky, V.V.; Danilov,
P.A.; Ionin, A.A.; Kudryashov, S.I; Rudenko, A.A.; Inogamov, N. Laser-induced translative hydrodynamic
mass snapshots: noninvasive characterization and predictive modeling via mapping at nanoscale. Phys.
Rev. Appl. 2017, 8, 044016.

33. Fang, Z.; Zhen, Y.R.; Neumann, O.; Polman, A.; Garcia de Abajo, E].; Nordlander, P.; Halas, N.J. Evolution
of Light-Induced Vapor Generation at a Liquid-Immersed Metallic Nanoparticle. Nano Lett. 2013,
13,1736-1742.

34. Wang, Y.; Zaytsev, M.E.; The, H.L.; Eijkel, ].C.T.; Zandvliet, H.J.W.; Zhang, X.; Lohse, D. Vapor and
Gas-Bubble Growth Dynamics around Laser-Irradiated, Water-Immersed Plasmonic Nanoparticles. ACS
Nano 2017, 11, 2045-2051.

35.  Iida, T.; Guthrie, R.I.L. The Physical Properties of Liquid Metals; Oxford University Press, USA, 1993.

36. Kulchin, Y.N.; Vitrik, O.B.; Kuchmizhak, A.A.; Nepomnyashchii, A.V.; Savchuk, A.G.; Ionin, A.A ;
Kudryashov, S.I.; Makarov, S.V. Through nanohole formation in thin metallic film by single nanosecond
laser pulses using optical dielectric apertureless probe. Opt. Lett. 2013, 38, 1452-1454.

37. Siller, L.; Hunt, M.R.C.; Brown, J.W.; Coquel, ].M.; Rudolf, P. Nitrogen ion irradiation of Au (110): formation
of gold nitride. Surf. Sci. 2002, 513, 78-82.

38. Caricato, A.P; Fernandez, M.; Leggieri, G.; Luches, A.; Martino, M.; Romano, F; Tunno, T.; Valerini, D.;
Verdyan, A.; Soifer, YM.; Azoulay, J.; Meda, L. Reactive pulsed laser deposition of gold nitride thin films.
Appl. Surf. Sci. 2007, 253, 8037-8040.


https://doi.org/10.20944/preprints202011.0429.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 November 2020 d0i:10.20944/preprints202011.0429.v1

39. Devia, A,; Castillo, H.A_; Benavides, V.J.; Arango, Y.C.; Quintero, ].H. Growth and characterization of AuN
films through the pulsed arc technique. Mater. Charact. 2008, 59, 105-107.

40. Siller, L.; Peltekis, N.; Krishnamurthy, S.; Chao, Y.; Bull, S.J.; Hunt, M.R.C. Gold film with gold nitride—A
conductor but harder than gold. Appl. Phys. Lett. 2005, 86, 221912.

41. Krishnamurthy, S.; Montalti, M.; Wardle, M.G.; Shaw, M.].; Briddon, P.R.; Svensson, K.; Hunt, M.R.C.; Siller,
L. Nitrogen ion irradiation of Au (110): Photoemission spectroscopy and possible crystal structures of gold
nitride. Phys. Rev. B 2004, 70, 045414.

42. Pavliuk, G.; Pavlov, D.; Mitsai, E.; Vitrik, O.; Mironenko, A.; Zakharenko, A.; Kulinich, S.A.; Juodkazis,
S.; Bratskaya, S.; Zhizhchenko, A.; Kuchmizhak, A. Ultrasensitive SERS-Based Plasmonic Sensor with
Analyte Enrichment System Produced by Direct Laser Writing. Nanomaterials 2020, 10, 49.

43. Naghilou, A.; He, M,; Schubert, ].S.; Zhigilei, L.V.; Kautek, W. Femtosecond laser generation of microbumps
and nanojets on single and bilayer Cu/Ag thin films. Phys. Chem. Chem. Phys. 2019, 21, 11846-11860.

44, Zhang, Y.; Grady, N.K; Ayala-Orozco, C.; Halas, N.J. Three-dimensional nanostructures as highly efficient
generators of second harmonic light. Nano Lett. 2011, 11, 5519-5523.

45. Butet, ].; Brevet, PF,; Martin, O.].F. Optical second harmonic generation in plasmonic nanostructures: from
fundamental principles to advanced applications. ACS Nano 2015, 9, 10545-10562.

46. Makarov, S.V.; Zalogina, A.S.; Tajik, M.; Zuev, D.A.; Rybin, M.V.; Kuchmizhak, A.A.; Juodkazis, S.; Kivshar,
Y. Light-Induced Tuning and Reconfiguration of Nanophotonic Structures. Laser Photonics Rev. 2017,
11,1700108.

47. Cherepakhin, A.B.; Pavlov, D.V.; Shishkin, LI; Voroshilov, PM.; Juodkazis, S.; Makarov, S.V.; Kuchmizhak,
A.A. Laser-printed hollow nanostructures for nonlinear plasmonics. Appl. Phys. Lett. 2020, 117, 041108.

48. Baffou, G.; Cichos, F; Quidant, R. Applications and challenges of thermoplasmonics. Nat. Mater. 2020, pp.
1-13.

49. Yi, ] M.; Wang, D.; Schwarz, E; Zhong, J.; Chimeh, A.; Korte, A.; Zhan, ].; Schaaf, P.; Runge, E.; Lienau, C.
Doubly Resonant Plasmonic Hot Spot-Exciton Coupling Enhances Second Harmonic Generation from

' Au/ZnO Hybrid Porous Nanosponges. ACS Photonics 2019, 6, 2779-2787.

i 50. Larin, A.O.; Nominé, A.; Ageev, E.I,; Ghanbaja, J.; Kolotova, L.N.; Starikov, S.V.; Bruyere, S.; Belmonte, T.;
Makarov, S.V.; Zuev, D.A. Plasmonic nanosponges filled with silicon for enhanced white light emission.
Nanoscale 2020, 12, 1013-1021.

51. Zhong, ].H.; Vogelsang, J.; Yi, ] M.; Wang, D.; Wittenbecher, L.; Mikaelsson, S.; Korte, A.; Chimeh, A.;
Arnold, C.L.; Schaaf, P.; Runge, E.; L'Huillier, A.; Mikkelsen, A.; Lienau, C. Nonlinear plasmon-exciton
coupling enhances sum-frequency generation from a hybrid metal /semiconductor nanostructure. Nat.
Commun. 2020, 11, 1-10.

52. Hashimoto, Y.; Seniutinas, G.; Bal¢ytis, A.; Juodkazis, S.; Nishijima, Y. Au-Ag-Cu nano-alloys: tailoring of
permittivity. Sci. Rep. 2016, 6, 25010.

53. Takenaka, M.; Hashimoto, Y.; Iwasa, T.; Taketsugu, T.; Seniutinas, G.; Bal¢ytis, A.; Juodkazis, S.; Nishijima,
Y. First Principles Calculations Toward Understanding SERS of 2, 2’-Bipyridyl Adsorbed on Au, Ag, and
Au-Ag Nanoalloy. J. Comput. Chem. 2019, 40, 925-932.

54. George, E.P; Raabe, D.; Ritchie, R.O. High-entropy alloys. Nat. Rev. Mater. 2019, 4, 515-534.


http://creativecommons.org/licenses/by/4.0/.
https://doi.org/10.20944/preprints202011.0429.v1

	Introduction
	Materials and Methods
	Fabrication of Au films with variable nitrogen content.
	Characterization of Au films.
	Fabrication of porous nanostructures and nanosponges.
	Characterization of laser-printed nanostructures.

	Results and Discussion
	Conclusions and Outlook
	References

