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Abstract

This paper reports on a method to optimise the sensitivity of plasmonics sensors based on functionalised metasurfaces of 2D-
array of Al NanoAntennas (NA) deposited on a SiO2 substrate operating in the visible region of the electromagnetic spectrum.
Moreover, we analysed the characteristics of a double layer metasurface configuration where two different NA 2D-arrays are
separated by a dielectric spacer. The optical properties of both the metasurface configurations have been studied analysing how
their maximum transmittance and Full-Width-at-Half-Maximum (FWHM) of the transmission curve are related to the variations
of the NA geometrical parameters and dielectric spacer thickness. The tailoring of the FWHM is particular important for
improving the plasmonic sensors sensitivity in probing the presence of chemical/biological substances absorbed on the NA
surface when their absorption curve is superimposed with the metasurface transmission curve. In particular, better is this
superposition better will be the plasmonic sensor sensitivity in probing variations of small concentrations of the adsorbed
substances. The simulation results of the optical response of the designed plasmonic sensors suggest a methodology in choosing
the NA parameters able to modify the bandwidth of the metasurface transmittance so fitting the absorption curve of
chemical/biological substances absorbed on them. As a case-example, we simulated the response of a plasmonic sensor on which
has been deposited a 3nm-thick layer of Rhodamine-6G (R6G) proving that is possible to increase the sensor detection sensitivity
of about two orders of magnitude in the measurement of the R6G absorbance. Furthermore we proved the capability of the
double layer plasmonic sensors to tune the transmission curve peak wavelength without changing the main optical characteristics.
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1. Introduction

In chemical, bioscience and bioengineering applications, optical methods are widely used for the characterisation,
identification and modification of substances, cells and organelles by measuring light absorption, scattering and
emission [1,2]. Optical sensors provide the advantages to have high sensitivities with short response times, to be
unaffected from electromagnetic interferences and to perform non-destructive measurements, also far from the
sample under analysis. In particular, optical sensors make use of different analytical transduction techniques such as
fluorescence, chemiluminescence, dynamic light scattering, ellipsometry, surface enhanced Raman scattering,
Surface Enhanced Infrared Absorption (SEIRA) and surface plasmon resonances [3-10]. The implementation of the
latter three approaches need the use of metal nanoparticles or nanostructures arranged in 2D-array configurations
(i.e., functionalised metasurfaces) to provide local strong enhancement of the electromagnetic field so to improve the
light emitted, reflected and/or transmitted by the substance adsorbed on them [9,11]. In particular, SEIRA technique
makes use of metasurfaces composed by 2D-arrays of metal NAs with optical properties related to the light
transmission and reflection responses as a function of the wavelength. In this sense, the NA size and 2D-array
periodicity can be varied to control the peak wavelength of the transmission or reflection curves. By using a cross-
shaped NA as the constitutive element of a 2D-array metasurface, it has been demonstrated that the SEIRA gain (i.e.,
a signature of the optical sensor sensitivity to the presence of a substance adsorbed on it) can be increased of orders
of magnitude by acting on the length and width of the cross arms as well as on the NA thickness [12]. SEIRA
technique is based on the spectral superposition of the reflection/transmission curve of the metasurface with the
absorption curve of the adsorbed substance. Better is this overlapping better will be the optical sensor detection
sensitivity. This paper addresses the problem to find a methodology that acting on the NA size is able to vary the
bandwidth of the metasurface reflection/transmission response so tailoring it respect to the absorption curve of the
substance under analysis. By performing numerical simulations, we firstly evaluated the optical transmittance of a
metasurface composed of a 2D-array of Al NA deposited on SiO,. In particular, we evaluated the FWHM of the
transmittance and its maximum value at a fixed wavelength in the visible region of the electromagnetic spectrum.
These results have been used to study the increases of the sensitivity of the metasurface in detecting the presence of
a 3nm-thick layer of R6G deposited on it. Like other dyes with absorption bands ranging from 400 to 700nm, R6G is
a chromophore to detect biological species [13]. In this regards, we also studied wavelength tuning properties of
double layer metasurface configurations where a dielectric spacer separates the two metasurfaces.

2. Results and discussion

The 2D-array unit cell (i.e., the Al NA) for the single layer metasurface configuration used for the simulations is
reported in Figure 1 (on the right of panel (a)). The NA can be obtained by etching procedures starting from a
=40nm thick homogeneous Al film deposited on a SiO; substrate. The NA is composed of a square frame with the
external and inner sides equal to L. and L;, respectively. Inside the square frame is located a cylinder with a diameter
d. The surface between the internal side of the frame and the cylinder is optically transparent since Al film is
removed. The optical properties of the metasurface were obtained by using periodic boundary conditions along the x-
and y-axes (i.e., the NA plane) and the scattering boundary conditions along the z-axis (i.e., the propagation direction
of the light impinging on the metasurface). The incident electric field was set to |Eo=1V/m with the linear
polarization Eo= Eox+ Eo,. The typical metasurface optical transmission centred at 4,=530nm is shown in panel (b)
of Figure 1. The left panel of Figure 2 reports the dependence of the metasurface transmittance and its FWHM on the
variation of the NA area of the transparent region. From the achieved data, a decrease of the FWHM is obtained at
the expenses of a reduction of the effective metasurface transmittance confirming the general behaviour valid, for
example, for the optical bandpass filters using interference effects. Once demonstrated the possibility to vary the
FWHM of the metasurface transmission curve, a 3nm thick layer of R6G at 0.01 molar concentration in methanol
was located on top of the single layer metasurface configuration. Under these conditions, simulations were
performed to evaluate the SEIRA gain at A,=530nm defined as the ratio between the difference of the metasurface
transmittances in presence and absence of the R6G layer and the transmittance of the same R6G layer deposited on a
SiO; substrate.
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Fig. 1. Panel (a): on the left, the cross section of the single layer metasurface configuration with the Al NA forming the 2D-array having the
geometrical structure shown on the right; on center, the cross section of the double layer metasurface configuration obtained by superposing on
the previous configuration a thin SiO, spacer and a top layer formed by 2D-array of Al NA having the geometrical structure shown on the right

without the internal cylinder; on the right, the plane view of the geometrical structure of the unit cell. Panel(b): the metasurface transmission

responses centered at A,=530nm for the single and double layer metasurface configurations.

The right panel of Figure 2 shows that the decrease of the metasurface FWHM increases the SEIRA gain up to 70
and this accounts for a better superimposition between the metasurface transmittance and the R6G absorption curves.
Since chromophores have absorption peak wavelengths varying in the range from 400 to 800nm, the optimisation of
metasurfaces allowing for the best achievable SEIRA gain must be each time redefined being their optical response
depending on the NA size and 2D-array periodicity. The double layer metasurface configuration shown in panel (a)
of Figure 1 allows for a continuous wavelength tuning maintaining fixed the NA geometry. This metasurface
configuration has been obtained by locating on top of the metasurface single layer structure a SiO, spacer and a
metasurface of NA with a geometrical structure that does not present the internal cylinder. On the left panel of
Figure 3 are reported the variations of the transmission curve peak wavelength and of the corresponding value of the
maximum transmittance as a function of the spacer thickness. The tuning of the peak wavelength is a linear function
of the spacer thickness: a variation of this thickness of 80nm allows covering the range from 480nm (blue) to 640nm
(red). In the right panel of Figure 3 is reported the FWHM of the double layer metasurface transmission curve and
the maximum transmittance as a function of the variation of the NA transparent area. A comparison with the results
previously obtained for the single layer metasurface demonstrates that the achievable FWHM are smaller than those
ones of Figure 2. As an example, for a value of the NA transparent area equal to 16000nm? the corresponding
FWHM is equal to about 280nm and 155nm for the single and double layer metasurface configurations, respectively
(i.e., a reduction of 56%). Note that, in this case, the corresponding maximum transmittances decrease from 66% to
34%. Finally, we have verified that for the same value of the FWHM, the SEIRA gain is always the same for both
the metasurface configurations.
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Fig. 2. Single layer metasurface configuration: transmission curve FWHM and maximum transmittance at 4,=530nm as a function of the NA
transparent area (left); SEIRA gain as a function of the wavelength in presence of a 3nm thick R6G layer on top of the metasurface (right).

3. Conclusions

In this paper we reported on the optical characteristics of plasmonics sensors based on functionalised
metasurfaces of 2D-array of Al NA deposited on a SiO; substrate in a single and double layer configurations
operating in the visible region of the electromagnetic spectrum. By performing numerical simulations for both the
configurations, we studied the dependence on the NA size of the metasurface transmission curve FWHM and of the
corresponding maximum transmittance. This allowed to optimise the SEIRA gain in detecting substances adsorbed
onto the metasurface. In the case of the double layer metasurface configuration, we have demonstrated that the peak
wavelength of the transmission curve can be continuously varied by acting on the dielectric spacer that separates the
two metasurface layers with advantages to further decrease the resulting FWHM.
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Fig. 3. Double layer metasurface configuration: the tuning of the transmittance peak wavelength as a function the spacer thickness (left);
FWHM and transmittance versus the NA transparent area at 4,=530nm (right).
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