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Abstract: The coupling of gold nanoantennas (AuNAs) in the arrangement of monomers in bidi-
mensional gratings is investigated both experimentally and numerically. The influence of edge
diffraction, corresponding to the grazing propagation of specific diffracted orders, and the depen-
dence of grating parameters on lattice plasmon modes are studied. It is shown that the grating pitch
influences the spectral position of the Rayleigh wavelength related to the grazing diffraction in air
and/or in glass. In order to investigate the effect of diffraction and its interplay with the Rayleigh
wavelength, extinction measurements with different incidence angles are carried out. For incidence
angles above 0 = 20°, along with the excitation of quadrupolar and vertical modes, very narrow dips
or sharp excitations are observed in the spectra. These ones strongly depend on the respective spectral
position of Rayleigh anomaly and specific dipolar mode, on the propagation direction of the grazing
diffraction, and on the considered plasmon mode. These features are explained in the light of nu-
merical calculations obtained with Green’s tensor method. All the above different characteristics
and couplings are of great practical interest, especially for a possible implementation in biosensor
devices and for other technological applications spanning from precision medicine and life science
to telecommunications and energy systems.

Keywords: plasmonic; nanoantenna; nanotechnology; metasurface

1. Introduction

Nanoscience is under intense investigation due to the numerous applications in our
daily life such as in molecular detection, imaging, anticounterfeiting, smart optics, and
energy harvesting, just to name a few [1-6]. In this scenario, metal nanoantennas as-
semblies are widely studied for their ability to confine light and influence its behavior
both in the near- and far-field. Many applications have already been realized by tai-
loring the super absorption behavior for smart energy-harvesting systems, as well as
the spectral and phase behavior of light in metalenses, thermoplasmonic, sensing and
even light emission properties, when fluorescent materials are combined with the anten-
nas [7-14]. In most of these applications, metasurfaces comprise specific spatial distribu-
tions of nanoantennas or arrays with a fixed periodicity or aperiodic patterns. The typical
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geometry includes a monolayer of nanoparticles exhibiting plasmonic properties supported
by a rigid or flexible substrate [15,16]. In this vast scenario of possibilities, a relevant
role is played by phased arrays showing collective resonances or so-called lattice plas-
mon modes (LPMs). In this case, the periodical organization of nanoparticles gives rise
to the appearance of plasmon modes in the wide spectral range, which are spectrally ex-
tremely different from the corresponding ones observed in isolated particles [17-21]. Lattice
plasmon resonance has been deeply investigated in spectroscopy techniques: plasmon-
enhanced fluorescence [22] and enhanced Raman spectroscopy [23]. Nowadays, these
kinds of techniques are used for the detection of pollutants, proteins, DNA, and biolog-
ically relevant nanoparticles [24-26]. The optical properties of metal nanoantennas are
also used in lasing applications [27] and in telecommunications [28,29]. Lattice plasmon
resonance (LPM) has been also coupled to effects of mechanical stretching in order to im-
plement surface mechanical sensors [15,30,31] or to improve and simultaneously tune
the optical and thermal response of a given physical system [32]. In their study, Odom
et al. [33] exploited mechanical stretching to actively obtain a very narrow linewidth
(close to 5 nm in wavelength) in an array of aluminum nanoparticles.

Recently, an in-depth study of these modes has been theoretically performed by inves-
tigating in details arrays of Au monomers and dimers [21,34-36]. A related experimental
verification is not simple, since arrays with different periodicities have to be fabricated by
means of very precise nanotechnology tools to ensure high-quality nanoscale morphological
features over large areas. The present investigation is devoted to this aim. The under-
standing of the optical properties of bidimensional gratings of metal nanoantennas is
very attractive for the related scientific and technological potential; in particular for re-
alizing complex devices like nanoantennas for molecular biosensing, thermoplasmonics
for precision medicine or even telecommunications.

2. Experimental Section

A single or isolated nanoantenna supports a non-dispersive dipolar mode both
for Transverse Electric (TE) and Transverse Magnetic (TM) polarization at normal in-
cidence, which is also the only available mode due to the symmetry of the particle. Fur-
thermore, in addition to the dipolar mode, angle-resolved extinction spectroscopy allows
the excitation of a quadrupolar mode both for TE and TM polarization, and of a dipo-
lar vertical mode for TM polarization [37]. Once the single AuNA is repeated on the
surface of a substrate to realize an array with a quite close separation of the elements
(center-to-center less than 3d), the configuration of the electric field couplings in the grating
becomes more complex, since the AuNAs not only interact with the exciting light but
also with each other. As such, the overall plasmonic response of the array is influenced
by diffraction effects arising from the spatial arrangement of the nanoantennas. In terms
of resonance effects, arrays of AuNAs support dispersive modes called lattice plasmon
modes (LPMs), which depend on the array features, such as separation between nanoan-
tennas or periodicity (identical or different in the two directions), AuNAs size, and the
direction and polarization of the incident light [38]. On the other hand, the diffraction
orders (DOs) depend on the grating period and/or on the incident angle, and they can be
radiative or evanescent. Evanescent waves are waves with a rapidly decaying amplitude
and no transport of energy. A specific case of diffraction corresponds to the excitation
at the so-called Rayleigh anomaly (RA), which indicates the switch of a given diffracted
order from radiative (shorter wavelength) to evanescent (longer wavelength) [19,39-42].
At this transition, the wave vector of the corresponding DO becomes parallel to the grating
plane, the propagation becomes grazing and can be located at the interface between the
substrate and particle (bottom of the AuNAs), or at the interface between the particle
and air (top of the AuNAs). In the following, Rayleigh wavelengths will be marked with
circles on spectra, which are coded in color depending on the integer associated with
the diffraction along the direction of propagation; see Figure 1.
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Due to the great variety of possible modes, metal nanoantenna assemblies become
optical systems exhibiting a wide range of properties. The change of shape of AuNAs,
separation between them, and spatial arrangement can yield a great quantity of excit-
ing properties [43], thus making AuNAs arrays suitable for fundamental research and
for technological applications in many domains.
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Figure 1. Rayleigh anomalies color code; m is the diffraction order along the direction of propagation.

In our experiments, 2D gratings of Au nanoantennas have been fabricated on a glass
substrate by electron beam lithography (EBL) using the process reported in [10,44]. The Au-
NAs have an average diameter (d) of 200 nm and 50 nm height. In all samples, the sep-
aration between nanoantennas was fixed in the y direction (Py) to 300 nm, while in the
x direction, it varied from sample to sample, from 300 to 1000 nm by steps of 100 nm.
Figure 2 reports the acquired SEM image of the grating, which exhibits Py = 300 nm
and Px = 400 nm, highlighting the high fidelity of the fabrication process. The extinc-
tion spectra of the gratings were acquired by using a homemade confocal setup which
enables varying the incidence angle and polarization of the exciting light while numerical
simulation was performed using a periodized version of Green'’s tensor formalism [21,44].

LNIO 10.0kV 4.6mm SE(U)

Figure 2. SEM image of gratings of monomers (4 = 200 nm) with vertical pitch (Py) of 300 nm and
horizontal pitch (Px) of 400 nm.
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3. Result and Discussion
3.1. Plasmonic Response at Normal Incidence

This section reports the extinction spectra at normal incidence both for TE and TM
polarization, which were obtained in arrays of Au nanoantennas with Py = 300 nm and
Px values that vary from 300 to 1000 nm. Figure 3 shows the trend of LPMs presenting
the experimental (top) and numerical (bottom) spectra in case of TE (a,b) and TM (c,d)
polarization. As a general feature, experimental and numerical extinction spectra show
a good agreement in terms of peaks spectral positions. However, the sharpness exhibited
by some numerical spectra (e.g., Px = 500 nm, TE polarization and Px = 600 nm, TM
polarization) is not evident in the corresponding experimental results. This can be related
to the fact that approximation to a pure plane wave of the incoming light is quite stretched
because of the numerical aperture (NA) value of the involved optical objectives. For
the incoming light, this circumstance determines a range of k vectors centered around
the normal direction, and therefore, the detected spectrum of a given array is the result
of an average of the many spectra corresponding to different angles of excitation.

For the array with Px = Py = 300 nm, curves related to TE and TM polarization
states are identical, showing a marked dipolar peak at A = 710 nm because the electric
field of the incoming light experiences the same distribution of AuNAs on both x and y
directions. The spectral position of the lattice dipolar peak is first red-shifted with the pitch
variation (Px = 300-600 nm (TE) and Py = 300-500 nm (TM)), suddenly blue-shifted
in samples for which Px = 700-800 nm, then again progressively red-shifted for Px = 900-
1000 nm. As a general comment, the presence of a periodical arrangement with its DOs
has a substantial influence on the extinction spectra that increases proportionally with
the array pitch. In more detail, in case of TE polarization (Figure 3a,b), for Px = 300 nm,
being the DOs spectrally far from the lattice dipolar plasmon excitation, it has no influence
on the spectra. When the pitch increases (Px = 400 nm), the first DO (1, 0), propagating
at the glass-particles interface, is spectrally located at A(1,0)glass = 600 nm (red circle): it
results in a sharp dip and has no interaction with the plasmon excitation. For Px = 500 nm,
this first DO is now spectrally located at A(1,0)glass = 750 nm; although it does not interact
yet with the plasmon excitation, it creates a sharp minimum at the edge of the lattice dipolar
peak. In the array with Px = 600 nm, the spectral positions of the first DO (1, 0) and
of the dipolar excitation are very close and interact, thus resulting in a narrow peak at
A =900 nm. The electric field distribution, calculated 5 nm above the glass substrate, is
reported in Figure 3e. The light blue bands on the side of the cylinder is the signature
of the Rayleigh anomalies. The axis limits correspond to the unit cell of the investigated
grating. This peak is exhibited only in numerical spectra and presents a good amplitude and
a full width at half maximum (FWHM) of less than 10 nm. Incidentally, where application-
oriented investigations are concerned, this feature could be of some interest for lasing
applications or nanoantenna devices [27]. Still in the curve of the sample with Px = 600 nm,
the first DO (1, 0) propagating in air (small red circle) is located at A(1,0) air = 600 nm
and has no influence on the spectra. For Px = (700-1000) nm, the first DO propagating at
the glass interface is out of the considered wavelength range. However, for Px = 700 nm,
the first DO (1, 0) propagating at the air interface and the second DO (2, 0) propagating at
the glass—particles interface together influence the features of the dipolar excitation. In fact,
the dipolar peak is in this case placed between these two DOs, and it is small and quite broad.
When present, these broad peaks are usually spectrally limited by the positions of close
DOs. This is clearly visible also in the curves related to Px = 800 nm and Px = 900 nm.
In particular, for Px = 1000 nm, the first DO propagating at the particles—air interface is
out of the spectral range; the second DO (2, 0) at the glass—particles interface is instead
spectrally close to the plasmon excitation and an interaction is evident: the resulting
peak shows a larger amplitude, compared to the one of the previous broad peaks, and
it is narrower. The spectral shifts obtained in the sample with Px = (300-600) nm are
noticeable, and the lattice dipolar peaks are narrow. The high sensibility of the plasmon
excitation to the NPs separation can be used to design nano-strain sensors [15,45-47].



Crystals 2022, 12, 336 50f 10

(a) TE (o) ™
3.5P=1000 3 5P=1000
jp=900 ~ [p=900
P=800
30800 _—" T~ P800 " S~
=700 3.04P=800
P=700
2_5_P=600 /\ 2.5_
] / \ P 600
P=500 n
§ 20— [\ S| 8 209p=s00 \
5] ] I X B
£ /\ 5
R 1.5 {A‘ X 154 /
T 7\ \ P=400 _/ /\
1.0 / o\ 10— \
1 / A\
0.5 / \. 0.5
|P=300 P=300
0.0 0.0
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
(nm) (nm)
(b) TE (d) ™
1.2 T T &I T
12 |-
1.0
1.0
0.8
c 0.8 =
o c
2 g
= 0.6 Q
a £ 06
Ll
04 04 |-
0.2 02
| | |
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
(nm) (nm)
(e) 10
8
— —6
= 4 il
|2
0
x(nm)
(f)

y(nm)

-300 -200 -100 0
x(nm)

Figure 3. Experimental (top) and numerical (bottom) extinction spectra at normal incidence on grat-
ings with Py = 300 nm and Px varying from 300 to 1000 nm, for TE (a,b) and TM (c,d) polarization.
Electric field distribution calculated 5 nm above the glass substrate for (e) Px = 600 nm, wavelength
of 900 nm with TE polarization (f) for Px = 700 nm, wavelength of 700 nm with TM polarization.



Crystals 2022, 12, 336

6 of 10

In case of TM polarization (Figure 3c,d), the lattice dipolar plasmon peaks obtained
in the spectral interval Px = (300-500) nm present a lower extinction amplitude and a less
pronounced wavelength range of the red-shift with respect to the TE case. This is mainly
due to the fact that the incoming electric field has both x and y components, but only the x
one induces a dipolar excitation of the AuNAs. As such, a potential increase of the inci-
dence angle would decrease the x component even more, thus damping the plasmon shift.
In the numerical results, for the NAs array with Px = 600 nm, the dipolar excitation inter-
acts with the (1, 0) DOs propagating both at the interface of NAs-air (A(1,0) air = 600 nm)
and at their interface with glass (A(1,0) glass = 900 nm); the resulting peak is very broad,
about 300 nm. By comparing this result with the corresponding one for TE polarization, it
is possible to infer that for the same configuration of nanoantennas, depending on the excit-
ing polarization, it is possible to obtain very narrow dipolar or very broad dipolar peaks.
The broad peak is quite attractive for biosensors design as it could be used to enhance
the fluorescence emission of photosystems [48]. Indeed, because of the peak broadness,
the spectral position of the considered photosystem emission can remain in the range
of plasmon excitation even if the external conditions change, thus leading to a continuous
enhancement of the emission. When the pitch of the AuNAs array increases (Px = 700 nm),
the behavior observed for TE and TM polarization is inverse: the narrow peak appears
in TM case and the broad peak appears in TE, spreading on around 150 nm. The broad
peak is confined between the DOs (2, 0) and (1, 0) propagating at the interface of NAs with
glass and air, respectively. The narrow peak originates from the interaction of the dipolar
(TM) excitation with the DO (1, 0) propagating at the interface of NAs—-air (small red circle).
The resulting electric field, calculated 5 nm above the glass substrate, is reported in Figure 3f.
With this configuration, it is possible to switch from biosensor to nanoantenna or lasing
device by simply changing the exciting polarization or by modifying the array pitch
(by realizing, if needed, a stretchable device). In the arrays with Px = 800 nm and
Px = 900 nm, the same feature is observed in both polarization configurations; the dipolar
mode is limited between the two previous DOs, (2, 0) and (1, 0), and the resulting peak
is broad enough. For a sample with Px = 1000 nm, the spectral position of the DO (1, 0)
propagating at the interface of nanoantennas-air is out of the spectral range of the detector
used herein. The second order of diffraction (1, 0), propagating at the interface of NPs-glass,
interacts with the dipolar excitation, thus resulting in a narrower lattice dipolar plasmon
peak with larger amplitude with respect to the TE case. The above results clearly show
that the arrays of AuNAs with variable Px represent an extremely rich platform that allows
exploring the lattice dipolar plasmon mode in a huge number of possible technological
applications, and particularly in sensing where the sensitivity of the nanoantennas array
can increase or decrease by changing the polarization configuration.

3.2. Plasmonic Response at Oblique Incidence

Later on, the extinction spectra were acquired by varying the incidence angle of excit-
ing light from 0° to 80°. This choice is extremely effective in order to deeply investigate
the edge diffraction effects on the plasmon response of metal NAs. For the technical reasons
mentioned in the previous section, sharp minima and narrow peaks are not exhibited
in the experimental spectra. However, the good spectral correspondence of experimental
and numerical modes deserves to be mentioned. Figure 4 shows the experimental (a) and
numerical (b) spectra of angle-resolved measurements for the array with Py = 300 nm
and Px = 500 nm, with TE polarization of the impinging light. At normal incidence,
a very narrow peak is visible around A(1,0) glass = 800 nm in the simulated spectra; this
peak results from the interaction between the first DO (1, 0) propagating at the NAs—glass
interface and the NAs dipolar mode. By increasing the incidence angle to 6 = 10°, in ad-
dition to the previous (1, 0) DO, the (—1, 0) DO, propagating at the interface of NAs with
glass and air, also arises. This diffracted order is spectrally very close to the dipolar mode,
thus resulting in a strong interaction that determines a very narrow peak (few nm) with
significant amplitude; see the field distribution in Figure 4c. This peak is red-shifted with
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respect to the corresponding one measured at normal incidence. The evanescent wave
(1, 0) at the glass interface causes a sharp dip at A(1,0) air = 680 nm. The shoulder
corresponding to the quadrupolar mode is also visible, and its spectral position is close
to the (1, 0) diffraction at the glass interface. For § = 20°, the spectra present two clear
peaks: a broad red-shifted lattice dipolar plasmon mode and a well defined blue-shifted
quadrupolar mode. The DO (-1, 0) at the air interface is very close to the quadrupolar
mode and interacts with it, giving rise to the observed well-defined peak. The dipolar mode
does not couple with the DO (—1, 0) at the glass interface. Indeed, the spectral position
of the last one is way too far to allow the interaction between the evanescent wave and
dipolar plasmon excitation. The DO (1, 0) is blue-shifted and has then no influence on the
spectra. For 8 = 30°, the DO (-1, 0) at the interface with glass is at the limit of the detector
range used herein. The dipolar mode is enclosed between this DO and the DO (-1, 0) at
the interface with air at A = 750 nm, resulting in a very broad peak. The quadrupolar mode
is also broad but more visible. A new DO, (-2, 0), in the glass appears in the spectrum
(cyan circle). This evanescent wave does not influence the lattice quadrupolar mode because
of their spectral separation. By further increasing the incidence angle of the incoming light
(0 = 40° and larger angles), the lattice dipolar plasmon mode is progressively blue-shifted.
The (-2, 0) DO propagating at the interface with glass becomes progressively closer
to the quadrupolar mode; see the field distribution in Figure 4d, until they are spectrally su-
perimposed for 6 = 80°. This lattice quadrupolar plasmon mode is well-defined and shows
an amplitude even larger than the lattice dipolar plasmon mode on the same curve. The DO
(—1, 0) propagating at the interface with air is progressively red-shifted and locally causes
sharp minima. Finally, the identification of a general trend in angle-resolved measurements
of the spectral position of modes of samples with a larger pitch of the array is much more
complex. Indeed, in those cases, the plasmon coupling is influenced by multiple diffraction
orders propagating at the glass and air interfaces. This deep mode analysis will be the
object of further research.

e I 17 I 10
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Figure 4. Experimental (a) and numerical (b) extinction spectra with incidence angle varying from 0°
to 80° for array having pitch Py = 300 nm and the Px = 500 nm for TE polarization. Electric field
distribution calculated 5 nm above the glass substrate for (c) § = 10° and wavelength of 840 nm,
(d) for 6 = 70° and wavelength of 630 nm.

4. Conclusions

The coupling of modes in arrays of Au nanoantennas has been analyzed in terms
of several parameters, such as variation of the array pitch (from 300 to 1000 nm), polariza-
tion of the impinging light (TE and TM), and excitation angle (from 0° to 80°). Experimental
results are in good agreement with the numerical study. As a result of the 2D ordered
arrangement of Au nanoantennas, the array supports evanescent diffraction waves prop-
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References

agating at the glass or air interfaces of the NAs that depend on the array parameters
(separation in x and y directions) and excitation angle. It is found that the diffraction
waves largely influence the concavity of extinction spectra, the plasmon mode, and hence
the potential technological applications. At normal incidence illumination, by varying
the array pitch in the x direction, it is possible to implement a strain nano-sensor with
a considerable range of sensitivity. This sensor can operate both with TE and TM polar-
izations. When the considered diffracted order is spectrally quite close to the plasmon
mode, the latter results in a very narrow peak. This coupling condition can be efficiently
implemented in applications such as lasing and wave guiding. However, the utilized experi-
mental conditions (e.g., high NA optical objectives) did not allow highlighting these narrow
peaks in the experimental spectra. On the other hand, the spectral position of the plasmon
modes measured in the experiments matches quite well with the numerical one. In specific
conditions, both at normal illumination and for certain given angles, it is possible to obtain
either very narrow peaks or broad modes spectrally extending for hundreds of nanometers
depending on the exciting polarization state (TE or TM). These configurations could be suit-
able for application in plasmon-enhanced spectroscopy, especially in the implementation
of a biosensor for molecule detection. An advantage in angle-resolved measurements oper-
ation is the possibility of obtaining different coupling responses for a given array, exploiting
high DOs interplay when the illumination angle is increased. Finally, this paper highlights
the existence of a variety of experimental coupling in arrays of nanoantennas. Despite the dif-
ficulties in obtaining experimental narrow peaks, it clearly appears that the nanoantennas
in 2D configuration present a huge potential for technological applications.
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