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Abstract: Gold nanojets with various morphologies, from nanopillar to nanotip with up
to 800 nm height, and finally to nanotip with droplet, are fabricated on gold thin film by a
femtosecond laser irradiation. The near-field localized surface plasmon resonance (LSPR) and
photothermal effects of gold nanojets are studied through finite element electromagnetic (EM)
analysis, supporting in nanojets design for potential applications of high-resolution imaging,
nanomanipulation and sensing. For an individual nanotip, the confined electron oscillations in
LSPR lead to an intense local EM field up to three orders of magnitude stronger than the incident
field strength at the end of gold tip, where the vertical resolution for the field enhancement was
improved down to nanoscale due to the small size of the sharp gold tip (5-nm-radius). At specific
wavelength, nanopillar can serve as an effective light-to-heat converter and its heating can be
fine-tuned by external irradiation, and its dimension. The long-range periodic nanojet arrays
(periods from 1.5 um to 2.5 pm) with different geometry were printed using several pulse energy
levels. By confining more light into the tip (two orders of magnitude stronger than single tip),
nanotip array shows more pronounced potential to serve as a refractometric sensor due to their
high sensitivity and reproducibility. These results promote fs laser printing as a high-precision
tool for nanoarchitecture in optical imaging, nanomanipulation and sensing application.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

As a nanowire, a gold nanostructure with the dimension of less than the wavelength of incident
light can excite collective but non-propagating localized surface plasmon resonance (LSPR) along
its apex and consequently present an extraordinary enhancement of the local electromagnetic (EM)
field in the vicinity of its tip axis [1]. The local EM field enhancement on gold nanostructures can
influence far-field optical signals such as fluorescence, Raman scattering and infrared absorption,
which has been realized as the major contributor to the plasmon-enhanced fluorescence sensor,
surface-enhanced Raman scattering and surface-enhanced infrared absorption spectroscopy for
chemical detection and in vivo biological sensing application [2]. By utilizing LSPR, single
nanostructure-based sensor with enhanced sensitivity to refractive index (RI) variations of
analyte in close vicinity to metallic nanostructures, is capable of single-molecule detection
[3-5]. Periodically patterned plasmonic nanostructures show pronounced collective LSPR
[6-10], which draw more attention for different sensing applications, such as the detection of
DNA sequence of molecules [11] and the specific antigen-antibody binding [12]. Moreover, the
plasmonic structures offer a nanosized spot of light irradiation, which may also allow the effective
applications of guiding and imaging capabilities beyond the diffraction limit, nanomanipulation
and nanotrapping [13], such as optical nanoprobes [14], superlenses [15], plasmonic tweezers
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[16]. For instance, vertically aligned nanopillars were used for in vitro single-molecule detection
[17] and fluorescence imaging in live cell [18] by below-the diffraction-limit observation volume.
The LSPR nanostructures, have been proven to be able to trap a single nanoparticle down to less
than ten nanometers [19-24]. Also, the specific target in a multigene mixture can be precisely
detected by a LSPR biosensor based on the plasmonic photothermal effect of gold nanoislands
[25].

In the last few years, plasmonic nanostructures with various shapes, such as sphere [26], prism
[27], triangle [28], cube [29], shell [30], rod [31], etc., have been fabricated by wet chemical
methods and traditional lithography technology. However, the fabrication of structures with
nanoscale tips is a challenging task using these fabrication technologies. Electrochemical etching
procedures and complicated electron- and ion-beam lithography techniques have been developed
to produce desired sharp edges required for LSPR purpose [32], but the reproducibility and yield
of good tips are still a challenge, and make the fabrication expensive.

Since the first demonstration by Nakata in 2003 [33], femtosecond (fs) laser pulses offer a new
opportunity to fabricate various sub-wavelength microstructures in metallic thin film with very
high precision and reproducibility, which have become an effective nanofabrication tool in recent
years [34,35]. The fabricated plasmonic nanovoids demonstrate near-field plasmon-mediated
EM field enhancement, providing a tunable and spectral tuning in the mid infrared range [36].
High-throughput micropatterning of plasmonic surfaces (such as micro-hole, nanoantenna and
nanovoid arrays) by fs laser pulses have been demonstrated for advanced infrared-sensing
[37-40] and plasmonic coloration [41]. The nonlinear optical response from both the individual
nanostructures and their ordered arrays were studied, supporting lattice-type plasmons at near-
infrared wavelength [42]. Generally, most of researches investigated the geometric shape and
dimensional variety of noble-metal textures versus pulse energy, and then concentrated on
their reflection or scattering resonant wavelength shift with either Fourier-transform Infrared
microspectroscopy [37,39,42] or confocal spectrometer [43], by fine tuning of the diameter and
height of nanoviod [43], nanoantenna length and gold film thickness [36], array period [37,41],
nanobump circumference length and pitch [42], pulse energy and array period [39]. However, the
plasmonic structures could serve not only as a spectra-based sensor, but provide wide tasks such
as optical trapping, label-free imaging, thus it is of great significant to have a better understanding
of the near-field plasmonic response of various nanojets, such as their EM and photothermal field
characteristics.

In this contribution we studied the EM enhancement and photothermal properties of single
nanojet with three kinds of geometric features as a function of its size, incidence angle and
wavelength of light, as well as the surrounding medium, which will be helpful for its high
resolution imaging and optical trapping application. We also demonstrated the laser-based
nanofabrication of periodic nanostructure array with high density, and analyzed the different
way their resonances take place and discussed their LSPR sensing potential by comparison with
single nanostructure-based sensor.

2. Materials and methods
2.1.  Film preparation

A gold film with the thickness of 45 nm was coated onto a fused silica substrate using a magnetron
evaporation procedure. The chamber pressure is 107> bar and the coating average speed is
~1 nm/s, while rotating the sample holder at a speed of 30 rpm to ensure the uniform deposition.
The film thickness was controlled in sifu by a microbalance system inside the vacuum chamber.
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2.2. Femtosecond laser printing of gold nanojets

Figure 1 shows the schematic diagram of a femtosecond laser processing setup. An inverted
microscope is coupled with the laser (350 fs-pulsed laser with a wavelength of 520 nm) for
synchronized use. A white light is required to illuminate the sample, and the optical response
image is collected through a microscope objective (Olympus, LMPLFLN 100x, NA 0.8) by
a cooled charge-coupled device (CCD), which helps to find sites of interest on the surface of
sample. The Gaussian beam profile of the single pulse laser was focused onto the surface of
the gold thin film with the same objective. These focusing conditions yield a laser spot with
a I/e-diameter of 1.220/NA~793 nm on the thin film surface that is somewhat larger than the
lateral size of the individual nanojet. The sample is placed on the 3D motion stage such that only
the sample is moved while the laser focus is fixed. Depending on the applied pulse energy (14.8
nJ~23.1 nJ) which is controlled by a PC-driven attenuator, various types of nanostructures can
be fabricated on the surface of gold film. A rather slow 1 kHz printing rate was used to ensure
the positioning accuracy which will affect the arrangement of nanojet array.

White light PC
Lil a -'Hj_— Driver je— -
?\\\ Sample | | 3D motion stage Ry
Fh—- p—\k Expander  Attenuator
Imaging 1 _ mittor o - - fs laser
CCD
camera ] / Aperture Shutter

Fig. 1. Scheme for a gold nanojets fabrication setup based on fs laser system.

2.8. Measurement and characterization

The gold film thickness was verified by atomic force microscopy (AFM, Nano-Observer,
CS Instruments, Villingen-Schwenningen, Germany) measurements, and the nanojets were
characterized using an ULTRA 55 scanning electron microscope (SEM, Zeiss, Oberkochen,
Germany) and AFM. A micro-spectrophotometer (MSV-370, Jasco, Tokyo, Japan) was used for
the spectral measurements of nanotip array in an area of 300 X 300 um?.

2.4. Theoretical basis of the LSPR effect and its sensing theory

For single metallic structure with feature sizes down to nanoscale, it can confine external optical
field to a deep-subwavelength volume by virtue of LSPR, resulting in near-field enhancement of
orders of magnitude |E?| with respect to the incident light [Fig. 2(a)]. The LSPR effect can be
strongly modified by the geometry and composition of the plasmonic nanostructures, as well as
the surrounding environment. The resonance condition of the LSPR is met as [44]:

Wy opR___“p (1)
LSPR=—=—

where wspr and w), are the LSPR angular frequency and bulk plasma frequency of free electron
oscillation, &, is the permittivity of the dielectric material surrounding the nanostructure, and «
is geometry factor due to the depolarization of the first order mode.

For a single isolated gold nanostructure, the LSPR effect depends on the geometrical parameters
of the nanostructure, such as antenna length, circumference length, tip apex and the cone angle,
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Fig. 2. (a) LSPR leads to an amplified local EM field at the end of the single nanotip. (b)
LSPR/SPP coupling of nanotip array.

thin film thickness, etc. The maximum electric field position (resonant wavelength) for gold
nanostructures shows almost linear dependence versus antenna length / [36] and circumference
length L [43]. With an Au nanotip, the electric field intensity can be enhanced by two orders
of magnitude, whereas the enhancement for a platinum, semiconductor or dielectric (e.g., Si or
glass) nanotip, the field enhancement will drop. However, the electric field can also be much
enhanced by a specially designed all-dielectric light concentrator [45]. In addition, a slight
improvement of tip sharpness will lead to a significant increase of the field enhancement [46].
Besides the influences from nanotip, it is also important that LSPR conditions are strongly
dependent on the angle of incidence 0, incident light wavelength A and polarization [9].

For the assembly of gold nanostructures, the LSPR properties of individual nanostructure
will be modified by the interaction with the substrate and with other nanostructure [47]. Since
the gold nanojets are connected with each other by the gold thin film, the inter-nanostructure
coupling is mediated by the propagating charge waves known as SPPs [48]. Since both SPP and
LSPR have local fields, coupling can occur between SPP/LSPR, leading to enhanced local field
and a shift in the spectral position due to hybridization between two modes, as shown in Fig. 2(b).
For metallic nanostructure arrays, the collective LSPR/SPP resonances or grating effects are
excited by periodic plasmonic structures with large areas, which is sensitive to the period of the
nanostructures, incident angle and wavelength of light [49].

When the nanotip and illumination conditions are fixed, using the relation between the
wavelength A and the angular frequency w, along with the conversion from &4 to refractive index
n (g4 = n%), wrspr can be converted to the LSPR wavelength Aj spr, as:

ALser = ApV1 + kin? (2)

Thus, we can find that there is a linear relationship between the LSPR wavelength and the
refractive index of the surrounding medium.

2.5. Modeling and simulation

In order to calculate the EM field profiles involved the gold nanojet irradiated with an incident
light, a 3D finite element method (FEM) in COMSOL software with the Wave Optics module was
applied. The metal boundary condition was set at the bottom for providing a radiation boundary
and the perfect matched layers approach was used at the top for providing an absorption boundary
condition. The geometry considered for the nanojet surface system was based on SEM images.
The tip of each nanojet is modeled by a hemisphere with a radius (r) at the end of a cone. The
nanojet array model is set up for one unit cell of three jets, describing the periodicity by using
periodic boundary condition. The input light is set as a Gaussian plane-wave with an incident
angle ¢ to numerically calculate the variable-angle EM field and transmission spectra.
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3. Results and discussion

3.1. Fabrication of sub-micrometric jets on gold film

As can be seen in Fig. 3(a), the irradiation of the gold film by the tightly focused 350 fs-pulsed
laser with a wavelength of 520 nm results in the formation of submicro-sized structures. By
increasing the laser energy of a single pulse, the geometrical dimensions of structures can be
varied leading to its reshaping from the nanopillar, nanotip, to the nanotip with droplet. At low
laser energies (14.8 nJ~17.2 nJ), nanopillar occurs with the growth of an extremely small bump.
At higher laser energies (>17.2 nJ), a nanotip with sharp edge is formed with the height varying
from 280 nm to 800 nm. For laser fluence equal or higher than 19.0 nJ, a droplet can occur on
the top of the nanotip. However, by higher laser energy of 21 nJ, the gold nanostructuration
process evolves to an unstable condition and finally results in the destruction of the nanojets. The
shape, height and diameter of nanojet produced by single laser pulse with different pulse energies
are concluded in Fig. 3(b), showing the growth of their dimensions-their height increases from
200 nm to 800 nm and their diameter increases slowly from 450 to 600 nm versus pulse energy.
Broken arrows illustrate that starting from a 21 nJ laser pulse energy, the process becomes
unstable and the nanojet structures are destroyed. The cross sections of the nanopillars at 15.4
nJ and 17.2 nJ were observed using AFM, as shown in Figs. 3(c) and 3(d), indicating that the
pillar was more elongated and the top shape of pillar changed from spherical to be conical at
higher laser energy. The high precision of fs laser nanostructuration allows the control of the
shape, height and diameter of the nanojet as antenna structures for specific application, and also
provides the possibility to produce a large-area periodic array of gold nanojet.
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Fig. 3. (a) SEM images of nanostructures obtained by femtosecond laser radiation of
45-nm-thick Au film on glass with a single laser pulse (wavelength 520 nm, pulse duration
350 fs). The laser pulse energies are indicated in the images. Scale bar is 200 nm. (b) The
height and diameter of the Au nanojets versus the laser pulse energy. Cross sections of the
nanopillars (c) at 15.406 nJ and (a) at 17.183 nJ observed using AFM.

The nanojet formation by fs pulsed laser irradiation takes place due to an ablation process
affected by metal flow dynamics in the molten phase due to a much slower electron—phonon
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relaxation [50]. Figure 4 shows the formation process of various gold nanojets. When the laser
pulse at below-ablation threshold fluence spatially confined onto a diffraction-limited focal spot
on gold film, the central part of the irradiated spot is melted by an absorbed fs laser pulse, and
a 3D hollow parabola-shaped nanobump forms due to the plastic deformations [51]. With the
increased pulse energy, the liquid spot will continue stretching in the direction normal to the
substrate because of the radial surface tension gradients established by the temperature gradients,
causing the development of nanojets [52]. By further increasing the laser energy, two droplets on
the top and bottom of the jet are formed due to the inertial movement of the molten material
accompanying with the height of nanojet reducing. For a certain pulse energy, the momentum
gained by the film is much higher during deformation, then the nanojet becomes unstable and
may be destroyed.

Laser beam Melting
I I e T A S
Gold film A
Glass substrate - Glass substrate - Glass substrate
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Fig. 4. The illustration for femtosecond laser-induced formation of nanojets on a thin gold
film deposited glass substrate.

3.2. Electromagnetic field enhancement at single gold nanojet

With respect to the nanojet production, the fs laser can provide a flexible way of tuning nanojets
towards the desired geometry, if proper conditions are used. The constant field enhancement
can be achieved using just one single gold nanostructure in the air. The base diameter (w), base
height (4,), nanojet height () and tip radius of curvature (r) were obtained from the SEM
image of nanojet. When illuminating the jet from the bottom with an angle of incidence ¢, the
nanojets can highly confine the EM field at the apex of a sharp metal tip. Here the influence
of different nanojet shapes [nanopillar, nanotip, nanotip with droplet in Figs. 5(a), 5(c) and
5(e)] on the EM distribution is shown in Figs. 5(b), 5(d) and 5(f), respectively. The parameter
of nanojet here is chosen as: w = 600nm, 4y = 100nm, #; = 600 nm, and r is 20 nm, 5 nm
and 10 nm for nanopillar, nanojet, droplet, respectively. Taking nanopillar in Fig. 5(a) as an
example, a cross-section of the simulated intensity profile surrounding the nanopillar is shown
in Fig. 5(b) and the inset shows a magnified image for its localized electric field. In the radial
direction [Fig. 5(A)], the electric-field distribution has an intensity maximum in the middle of the
nanopillar surface, and has a small spot with full width at half maximum (FWHM) of ~25 nm,
which can be considered as the lateral resolution for tip-enhanced optical imaging. In the axial
direction [Fig. 5(B)], the intensity decays from the tip of the nanopillar with a depth of over
50 nm, whereas the vertical resolution is only ~18 nm. The electric field enhancements can be
approximated by (M = E,/Ey). Under the same incident light irradiation (incident angle is 20°
and incident wavelength is 550 nm), the electric field enhancements of the individual nanojet
are around 135 (nanopillar), 648 (nanotip), and 138 (nanotip with droplet) with the vertical
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resolution of ~ 18 nm (nanopillar), 2 nm (nanotip), and 13 nm (nanotip with droplet) into the
surrounded air, respectively. We find the vertical resolution of nanojet is almost as large as the
diameter of the tip, and the electric field enhancement will be larger as the tip radius decreases.
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Fig. 5. Simulation model and the EM field around an individual gold (a) and (b) nanopillar,
(c) and (d) nanotip and (e) and (f) nanotip with droplet. (A) and (B) Plots of the light intensity
as a function of radial distance along the horizontal dish line and axial distance along the
vertical dash line in (b), respectively. (C) and (D) are plots of dash lines in (d), and (E) and
(F) are plots of dash lines in (f). The dependence of maximum EM field enhancement for
three regimes (nanotip, nanopillar and nanotip with droplet) on (j) wavelength, (h) incident
angle and (i) distance from the apex, when choosing the parameter w = 300 nm, 4, = 100 nm,
hy = 600nm, and r is 20nm, 5 nm and 10 nm for nanopillar, nanojet, droplet, respectively.

Even small changes on the nanojet geometry can cause quite large shift in EM field distribution.
The largest enhancement is achieved for the tip geometry, providing a better tip-enhancement
effect, and the background signal decreases. The plasmonic enhancement near the nanojets
can be measured by covering with a thin layer of Rhodamine 6G molecules, and the emission
of the layer can be excited by using a laser at the fixed irradiation condition. Besides the
geometrical parameters of the tip apex, the illumination condition also can dramatically change
the field enhancement. In Fig. 5(g), we find two pronounced peaks at 550 nm and 850 nm in
EM enhancement for an incident angle of 20°, corresponding to the transverse and longitudinal
modes of plasmonic excitations [9]. The results in Fig. 5(h) have shown that the EM enhancement
depends on both the tip geometry and the incident angle. The maximum enhancement appears at
an incident angle of 20° instead of over 60° for a gold thin film and solid gold nanostructure array.
In addition, unlike gold thin film or solid gold nanostructure array, there is not a single resonant
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angle for the EM enhancement but showing periodic appearances with the incident angle varies.
It can be explained that the bottom part of the hollow nanojet can operate as standing-wave
resonators for effective energy interaction between surface plasmons and photonic cavity modes,
which exhibits angle-dependent multiple resonances with large field enhancement [53]. In this
case, the spatial distribution does change noticeably with distance [Fig. 5(i)]. The LSPR effect of
single nanotip creates highly confined illumination volume up to several nanometers that can be
used for high-resolution imaging or single molecule detection.

As previously mentioned, in nanotips with sharp edges [see Fig. 6(a)], a LSPR is induced by
the electric field of incident light for an incident wavelength of 550 nm and incident angle of
20°, and the free electrons on the surface of the metal are confined to the end of the apex of
tip. The local field intensity on the nanotip with several orders of magnitude stronger than the
incident field strength was calculated by the FEM using a continuous domain which is divided
into simple polygons as so-called subdomains [see inset in Fig. 6(a)]. Figures 6(b) and 6(c) show
the maximum EM field enhancement dependence critically on the size of the nanotip (width w,
height /) in addition to light illuminated angle (¢). In contrast, its LSPR effect is less sensitive
to the base height 4, of the nanotip. In general, the higher nanotip with smaller diameter, the EM
enhancement will be stronger. For a 500 nm-%;, 100 nm-#/;, 300 nm-w and 5 nm-r gold nanotip,
the maximum enhancement corresponds to ~460 at 20° incident angle can be observed from
Fig. 6(c). The resonant angles shift towards much larger angles (from 13° to 20°) with varying
the width of nanojet from 800 nm to 300 nm. It can also be seen the angle-dependent multiple
resonance appears when the dimensions of gold nanojet (300 and 400 nm-w) are less than the
wavelength of incident light (550 nm), which indicates the photonic cavity modes dominant the
spectral behavior.
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Fig. 6. (a) SEM image of Au nanotip (Scale bar is 200 nm). The inset is the FEM model for
the tip. The maximum EM field enhancement dependence on (b) the size of the nanotip and
(c) the incident angle. (d) Simulations of electric field around an isolated gold tip of 1 nm
radius. Lateral and vertical resolutions on the gold nanotip are shown. (e) The relationship
between the maximum EM enhancement of Pt and Au nanotip with incident angle. (f) The
vertical resolution and maximum E, of Au nanotip with different tip radius in the air and
water environment.

In Fig. 6(d), we plotted the enhancement of electric field for an isolated 1 nm-7 radius gold
tip surrounded by air. The lateral and vertical resolutions (FWHM of electric field intensity)
are estimated as 0.6 nm and 0.3 nm, respectively. In addition, we performed comparisons of
a 5-nm-radius isolated tip of gold and platinum (Pt), in Fig. 6(e), showing gold nanotip has a
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stronger local field E, than Pt nanotip. Thus the electric properties of the material, the size and
shape of the metal tip, and the illumination geometry play an important role in the enhancement
factor and its distribution around the tip. The spatial resolution of gold nanotip is also distinct,
which can be up to the single nanoparticle level when considering very small radius tips, which
inherently breaks the diffraction limit of light [2]. The sharper the nanotip (the smaller radius of
nanotip), the more maximum localized EM intensity, and the smaller vertical resolution will be
[Fig. 6(f)]. When the surrounding air is replaced by water, the enhancement for nanotip is higher
than that achievable in air with a relatively lower vertical resolution. Therefore, each individual
plasmonic nanotip can also work as an independent sensor with nanoscale spatial resolution.

3.3. Photothermal effect for single gold nanojet

In subwavelength-sized metal structures, electron-electron scattering quickly converts the energy
of the LSPR into heat, which translates into a temperature rise. The absorbed energy and the
released heat of the single nanostructure can be tunable through the nanostructure’s material,
size, shape. The temperature distribution profiles around an individual gold nanopillar, nanotip
and nanotip with droplet (w = 300nm, h; = 100nm, #; = 600nm and r = 20nm, 5 nm and
10 nm, respectively) induced by the intense EM enhancement under 0.5 s light irradiation with an
input power of 1 mW are shown in Figs. 7(a)-7(c). At the resonant wavelength of 550 nm, the
temperature rises up quickly at the metal interfaces where the localized plasmons are generated.
Since the air circulation is not considered, the system will not reach a steady state temperature.
The temperature rise at the nanopillar is similar to that for the nanotip, whereas the change in
temperature for the nanotip with droplet is lower due to its moderate LSPR intensity over a
larger surface area. Since the change in temperature can be attributed to the shift in LSPR, the
general trend for the temperature will also be dependent to incident wavelength [in Fig. 7(d)].
From Figs. 7(e) and 7(f), a linear dependent plasmonic thermal effect on the nanostructures can
be observed by increasing time and input power. The photothermal feature of nanojets can be
utilized for a wide variety of chemical and biological applications, involving photothermal cancer
treatment, in situ probing of atomic thickness materials (single molecule, DNA), etc [54].
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Fig. 7. Simulated temperature profile around an individual gold (a) nanopillar, (b) nanotip
and (c) nanotip with droplet using an input source of 1 mW for the input wavelength of
550 nm. Dependence of maximum temperature for 3 nanostructures with (d) the wavelength.
The change in maximum temperature at 3 nanostructures with the change in (e) time and (f)
laser power input shows a linear relationship.



Research Article Vol. 29, No. 13/21 June 2021/ Optics Express 20072

Optics EXPRESS

3.4. Electromagnetic field enhancement for gold nanojet array

The fs laser system enabled the controllable fabrication of large-area (~mm?) plasmonic nanojet
array. Representative SEM images in Figs. 8(a)-8(c) show three types of Au nanojets (nanotip,
nanopillar and nanotip with droplet) arranged into the square-shaped arrays at the periods from
1.5um, 2 um to 2.5 um, respectively. Compared to the resonant wavelength of 550 nm for
individual nanotip, a shift in LSPR wavelength with A = 650 nm can be achieved by nanotip array
(w=300nm, iy = 100nm, #; = 600 nm and » = 2 nm, A = 2.5 um), as shown in Fig. 8(d). The
plasmonic enhancement of the nanostructures can be quantitively modified by tuning the period
of the structures [Fig. 8(e)]. From Fig. 8(f), when the period of the Au nanotip array is 1.5 um,
the maximum EM enhancement can be up to ~3.0 x 10° with an incident wavelength of 650 nm
and the incident angle of 48°.
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Fig. 8. SEM images of (a) Au nanotip array with period of 1.5 um, (b) Au nanopillar array
with period of 2 um and (c) Au nanotip with droplet array with the period of 2.5 pm (Scale
bar is 1 um). The dependence of maximum EM field enhancement for three regime (nanotip,
nanopillar and nanotip with droplet) arrays on (d) the wavelength, (e) array period and (f)
the incident angle.

An E; distribution comparison of the individual LSPR nanotip and periodic nanotip array
with A = 2 um is shown in Fig. 9(a). In the case of w = 300 nm, 4, = 100 nm, #; = 600 nm
and r = 2nm, the maximum E, of individual small Au nanotip in air is approximately 648
with a vertical resolution of ~10 nm, and the electric field intensity can be enhanced by almost
2 order of magnitude (up to ~1.0 x 10*) by using periodically arranged nanotip with a 2 um
period [Fig. 9(b)]. However, it is noted that the enhanced EM intensity of the Au nanotip array
is at the cost of losing the nanoscale spatial resolution (later resolution is larger than 10 nm),
allowing lower detection levels than individual LSPR-based sensors. The periodic structures can
be constructed as optical source array, allowing high-resolution imaging and manipulation with
a subdiftraction—limit spatial resolution. To investigate the LSPR/SPP or diffractive coupling
among the plasmonic elements, we compared the localized field of nanojet array with and without
gold thin film [Figs. 9(a) and 9(c)]. For a single nanojet with gold film, the EM energy was
localized at the apex of the tip, whereas there are three extremities for the EM concentration in an
isolated nanojet without gold film. One can see that the structures printed with a larger periods
produce similar electric field distribution resulting from the diffractive coupling but a dramatic
modification appears between two nanojets due to the presence of the gold film. This indicates
the inter-nanostructure LSPR coupling is mediated by the propagating charge waves (SPPs). In
arrays of closely-spaced nanojets [Fig. 9(d)], the strong electromagnetic coupling between the
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longitudinal plasmon resonance supported by individual nanojet can occur directly regardless of
the gold film.
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Fig. 9. (a) The electric field distribution for an Au nanotip array (A = 2 um) with gold thin
film, and (b) the E; intensity comparison on the tip of the nanotip array (A = 2 um) and an
individual nanotip as a function of radial distance along the axial direction. (c) The electric
field distribution for an Au nanotip array (A = 2 um) without gold thin film. (d) The electric
field distribution for an Au nanotip array (A = 0.3 um) with and without gold thin film

3.5. LSPR refractometric sensing application

In terms of gold nanostructure array, the spectra line shape, amplitude and peak position of the
LSPR spectrum highly depend on the material, size, shape and arrangement of the nanostructure,
as well as the RI of the surrounding environment [55]. The LSPR spectral shift due to RI changes
around the plasmonic surface induced by analyte, serving as a refractometric sensing scheme for
real-time detection of molecules and related kinetics processes. In this case, the RI sensitivity S
is defined as the amount of the peak shift per RI unit change (in units nm/RIU) [29]:

diy,

S=— 3

A unit-less figure-of-merits (FOM) was proposed to reflect the overall sensing capability of
LSPR sensors, which is defined as the sensitivity S divided by the full width at FWHM of the
LSPR peak.

i @

By choosing gold nanotip array as the LSPR sensor, the sensitivity can be developed by the
near-exponential behavior in the nanoscale intense EM field, allowing the volume of the plasmonic
mode comparable to that of the analyte protein. Despite the theoretical high sensitivity of the
LSPR nanojet based sensor, the experimental fact such as laser printing rate and laser energy
stability limits the actual sensitivity of fabricated sensor. For a tradeoff of the low laser printing
speed and large measurement spot for spectrometer, a glass substrate consisting of a gold nanotip
array (w = 600 nm, 4, = 100 nm, #; = 600 nm, r = 5nm and A = 2 um) was fabricated within a
300 x 300 um? area. Spectral properties of the fabricated nanotip array in the 300 nm~1600 nm
spectral range were probed with an incident angle of 30° using a micro-spectrophotometer.
Figure 10(a) illustrates a comparison between experimental and theoretical transmittance spectra
of the nanotip array in air. Since the actual nanotip diameter is twice than that from previous

FOM =
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simulation, the resonant wavelength of 846 nm is larger than the simulated resonant wavelength
of 650 nm in Fig. 8(d). On the other hand, decreasing the array period from 2.5 pm to 2 um
also brings about a shift towards longer-wavelength. The peak position of the experimental
spectrum (846 nm) is closer to the simulation (819 nm), and the nanotip array can facilitate the
FWHM of 121 nm (simulated FWHM is 116 nm), leading to a large intensity change with equal
amount of the peak shift. Figure 10(b) shows the simulated maximum transmittance wavelength
obtained from a gold nanotip array in solutions of different refractive indices. The LSPR Ayax
systematically shifts to longer wavelength with a linear dependence as the solvent refractive index
is increased. The sensitivity of nanotip array was evaluated to be 221 nm per refractive index unit
(nm/RIU), leading to a FOM of 1.9. The sensitivity of nanotip array can be further increased by
increasing the aspect ratio of individual nanotip with a high density of array.
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Fig. 10. (a) The simulated and experimental spectrum of Au nanotip array with period of
2um. (b) Simulated plot depicting the linear relationship between the solvent refractive
index and the LSPR Amax.

4. Conclusions

Using femtosecond laser technology, the resonances with a spectral position can be easily tailored
by varying the nanostructure geometry and array arrangement with a desired fs laser energy
printing, offering on-demand plasmonic-based device designs. Within three types of nanojets,
nanotip present an extraordinary enhancement of the EM field due to their small size of sharp
tip, while nanopillar will allow more rapidly increasing temperature based on photothermal
heating. Moreover, a high density of nanojets with a micrometer-scale period was fabricated
with precise control and good repeatability. We present illustrative calculations, on how EM field
enhancement and associated vertical resolution change with systematic variation of resonance
wavelength, angle, and period of selected plasmonic nanojets. Benefiting from the collective EM
enhancement of the nanojet array, a FOM of 1.9 with a sensitivity of 221 nm/RIU was achieved
in response to the dielectric environment, which can serve as a refractometric sensor. On the
basis of this quantitative information, this work can help estimate the nanojet properties that need
to be taken into account for a specific application.
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