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Abstract: Sensitivity and specificity in biosensing platforms remain key aspects to enable an effective
technological transfer. Considerable efforts have been made to design sensing platforms capable
of controlling light-matter interaction at the nanoscale. Here, we numerically investigated how a
3D out-of-plane chiral plasmonic metasurface can be used as a key element in a sensing platform,
by exploiting the variation in the plasmonic and lattice modes as a function of the refractive index
of the surrounding medium. The results indicate that chiral metasurfaces can be used to perform
sensing, by detecting the refractive index change with a maximum sensitivity of 761 nm/RIU. The
metasurface properties can be suitably designed to maximize the optical response in terms of the
shift, modulated by the refractive index of the analyte molecules. Such studies can pave the way for
engineering and fabricating highly selective and specific chiral metasurface-based refractive index
sensing platforms.

Keywords: metasurface; plasmonics; sensing; refractive index; numerical analysis

1. Introduction

One of the most relevant challenges in the biomedical, environmental, and chemical
fields is the biorecognition of analytes in the surrounding environment with high sensi-
tivity and specificity. One possible solution to achieve this goal is to probe the change
in the refractive index correlated with the specific molecule or biomolecule that needs
to be recognized within a fluid. In this framework, a refractive index sensor, although
representing an indirect method, is highly fundamental for biomarker screening, as for ex-
ample, cancer progression significantly alters the refractive index of cells and tissues [1-3].
With optical sensors, it is possible to retrieve the refractive index in the analyte by con-
verting it into a detectable optical signal. In this direction, the most widely studied is the
plasmonic refractive index sensor based on metal nanostructures [4,5]. Optical sensors
overcome many limitations of conventional analytical techniques by offering a plethora of
advantages: (i) high sensitivity/selectivity, (ii) real-time analyses, (iii) label-free detection
of biochemical molecules, and (iv) small sizes [6]. Among them, Surface Plasmon Polari-
tons (SPP) and Localized Surface Plasmon Resonance (LSPR) sensing are well-established
methods based on the shift in the LSPR frequency caused by the change in the refractive
index of the nanostructure surrounding medium [7,8]. Through the integration of meta-
surface, a whole new paradigm shift in sensor technology has been opened up, reaching
boosted sensitivity, enhanced detection accuracy, and an even more compact size, easily
implementable with lab-on-chip devices [9,10]. Metasurfaces are two-dimensional ma-
terials with tailoring subwavelength structures and intriguing optical properties. Each
elementary unit of the metasurface, called a meta-atom, is characterized by electromagnetic
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resonances very sensitive to changes in the surrounding medium (the analyte layers), hence,
appropriate for optical sensors. The resonant electromagnetic spectrum, dominated by the
environment, can be suitably tuned by engineering the individual meta-atom’s geometry or
their periodic arrangements. Different geometries and structural arrangements have been
tested to optimize the performance of LSPR sensors, including gold nanocheckerboard
arrays [11], gold mushroom arrays [12], gold—silver alloy nanodisk arrays [13], nanopin-
cavity resonators [14], gold—silver alloy nanodisks [13], and split-ring resonators [15]. The
shifts occurring in the resonant modes of the output spectrum allow the probing of the
refractive index of the surrounding molecular analytes. Metasurface-based refractive index
sensing platforms present several advantages over conventional SPP-based sensors in
terms of fabrication tolerance, reliable readout signal [16], lower radiative damping, and
higher quality factors. Moreover, some interesting optical phenomena can occur, such as
plasmonically induced transparency [17], Fano resonances [18], multiple resonances, and
broadband slow light effects resulting from a complex arrangement of meta-atoms in a
unit- or super-cell [19]. In addition, the detection of the small molecules’ concentration is al-
lowed due to the confinement of the optical energy into volumes substantially smaller than
diffraction-limited optical spots [20]. Furthermore, the sensitive detection of small volumes
can be realized by Surface-Enhanced Raman Spectroscopy (SERS) mediated by an inverted
pyramidal metasurface [21]. A further step forward in the field of optical sensing has been
marked by the advent of chiral metasurfaces, composed of meta-atoms that do not exhibit
mirror symmetry. Researchers have been intensively studying chiral metasurfaces for
their distinctive chiroptical properties when interacting with either Left- or Right-Circular
Polarized light (LCP or RCP). Different chiral structures have been investigated, such as
L-shaped [22], twisted Z-shaped [23], dagger-like [24], Shuriken structure [25], gammadion
structure [26], diatomic metamolecule shapes [27], twisted propeller blade shapes [28], and
a 3D helicoidal structure coupled with a hyperbolic metamaterial [29], just to mention a
few. Among the various chiral-dependent phenomena, they display the Circular Dichroism
(CD) signal that is the different absorption (or transmission) between the two opposite
circularly polarized states of light. This mechanism is part of what is called optical activity,
the property of chiral systems to respond to LCP or RCP differently [30]. The circularly
polarized light shows a peculiar behavior when interacting with chiral metaelements with
a helix-like nanostructure. The light traveling along the helix axis with the same handed-
ness as the helices is reflected, whereas the opposite is transmitted, for frequencies that
exceed one octave [31,32]. Due to the fine control of the local fields, the metasurfaces open
the possibilities to perform chiral sensing, as theoretically and experimentally demon-
strated [26,33]. The interaction of an optically active system with light can be controlled
locally, and this has generated enormous interest in achieving metamaterial designs with
enhanced chiroptical signals [34]. The design of these sensing platforms is also aimed to
improve the chiroptical signals of different biomolecules with Ultraviolet (UV), visible, and
Infrared (IR) CD bands [35-37].

In our work, we designed a metasurface consisting of 3D chiral gold helices periodi-
cally arranged in a 2D square lattice. We systematically investigated the influence of the
structural parameters (number of helix pitch—N, dimension on the unit cell—a, and angle
of incidence—#0) on the resonant peaks. Furthermore, to test the metasurface performance
in terms of the refractive index sensor, we performed simulations by changing the sur-
rounding medium refractive index. The estimated sensing sensitivity and the Figure Of
Merit FOM values were in the range of 450-761 nm/RIU and 9.9-12.3 RIU ™}, respectively.
In addition, by taking advantage of the structure chirality, we analyzed the polarization
sensitivity (or the CD signal) of the structure to the incident light by changing its polariza-
tion state, proposing also a molecular detection exploiting the CD signal. The obtained
results for the design of such compact chiral plasmonic metasurface can open different
possibilities to achieve multifunctionality, such as optical absorption, circular dichroism,
and highly sensitive refractive index sensing.
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2. Materials and Methods

The modeled metasurface was based on 3D out-of-plane gold helices periodically
arranged in a 2D square lattice. It has been reported that COMSOL Multiphysics can
numerically solve phenomena, such as electromagnetic wave propagation and light-matter
interactions, that are mathematically described using Partial Differential Equations (PDEs)
and are comparable with experimental results [38—41].

In this work, the simulations were carried out using the COMSOL Multiphysics mod-
ule for the Electromagnetic Waves, Frequency Domain (EWFD). To solve electromagnetic
equations, COMSOL uses the Finite Element Method (FEM). Maxwell’s equations in three
dimensions are simplified by considering that fields vary sinusoidally in time at a known
angular frequency and that all material properties are linear concerning field strength [42]:

V x (1, 'V XE) — (Zf)e,(ai;)lzzo, (1)

0

where y,, €, and o are the relative permeability, the relative permittivity, and the electrical
conductivity related to the materials, respectively. The equation is solved for E = E(x, v, z)
from which the other physical quantities can be obtained. The COMSOL module offered
the possibility to choose the electric displacement field model: the refractive index was the
default option used. It was possible to set the real and imaginary parts of the refractive
index, called 7 and k, and the relative permittivity:

er = (n—ik)>. 2)

To simulate the metasurface, we chose a 3D geometry consisting of a parallelepiped
with the height six times the unit cell dimension 4, where a must be comparable with
the incident wavelength. Each single block consisted of three main parts, starting from
the bottom: (a) the glass with a refractive index ngj,5; = 1.5; (b) the single right-handed
gold helix (Johnson and Christy refractive index), and (c) the surrounding medium with a
variable refractive index 1,,.4;,,,- To create a wave diffusion environment, an input (Port1)
and an output port (Port2) were used, respectively, one on the top for the emitted radiation
and the other on the bottom for the detection. To ensure the infinity conditions in the
(x,y) plane, the Periodic Boundary Conditions (PBCs) were applied to the surfaces along
the (x,y) directions of the blocks. To simulate the repeated single unit cell, the Floaquet
periodicity was used, which is useful in frequency domain problems. In addition to the
PBCs, Perfect Matched Layers (PMLs) were introduced into the simulated system, to
reproduce an absorbing boundary condition at the block extremes. The equations were
solved by discretizing the problem, creating a dense mesh with control over the single
components of the constructed geometry. In particular, for this work, an “extra-fine” mesh
was chosen that consisted of free triangular and tetrahedral geometry with 82,717 domain,
8024 boundary, and 710 edge elements. The ideal mesh should preferably have the smallest
component dimension of approximately one-half wavelength of the wave.

The polarization (linear, circular, and elliptical) and the incident angle of the impinging
radiation can be suitably selected [43], depending on the particular optical property to
be investigated. In the first part of the numerical analysis, a Transverse Magnetic (TM)
polarization out of plane was used, with the magnetic field amplitude:

0
o (1) o
0

In the second part of the numerical investigation, Left- and Right-Circular Polarized
(LCP and RCP) light were propagated by setting the following amplitude:
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1 1
Eo=|-1i|,E = [1i]. (4)
0 0

The top port boundary condition propagated a plane wave at the specified incident
angle 8 and computed the reflected light, while the bottom one calculated the transmitted
light. Through the coefficient of the Scattering Matrix S, it was possible to evaluate different
optical parameters, such as the Reflectance (R), Transmittance (T), and Absorption (A) of
the modeled structure. In particular, (i) the S;; parameter provided information regarding
the amount of light reflected compared to that sent from the input Port1, while (ii) the Sp;
parameter quantified how much of the transmitted light reached the output Port2 [29]. The
equations for the two parameters are shown below:

fpgrtl((EC - El) : F“'I)dAl
fporﬂ(El -Ej)dA '

S = ©)
fportZ((EC —Ez2) - E3)dA;
fportz(EZ ‘Ep)dAy
where Ec is the computed electric field equal to Ec = ) ,_; 5;1 E;. The fields were normal-
ized concerning the integration of the power flow across each port cross section A; and

Ay, respectively. The absorbance was easily derived by knowing the other two optical
quantities,as A =1 — (T + R).

(6)

Sy =

3. Results and Discussion

Figure 1a shows the single structure analyzed, where the physical dimensions are
reported: a is the dimension of the unit cell, r is the wire radius (16 nm), R is the helix
radius (25 nm), p is the axial pitch (60 nm) that represents the spatial distance between two
turns of the helix, N is the number of pitches, and 0 is the angle of incidence for the helix
axis. Some of these parameters were varied to investigate the influence on the resonances
number and sharpness and to find the optimal conditions for highly effective refractive
index sensing; in particular, the periodicity in plane (2) and the periodicity out of plane (N)
were varied. In Figure 1b,c the resulting right-handed helical arrays for two values of a,
a =100 nm and a = 250 nm, are shown, respectively.

In Figure 2a—c, the normalized absorbance maps are shown as a function of three
different parameters 4, N, and 6 in the wavelength range (400-1300) nm. In particular, the
tested values for 2 were 100, 150, 200, and 250 nm; for N, they were 1, 2, 3, and 4, while for 6,
they were 40, 50, and 60°. Following the results obtained by varying the first parameter a
(see Figure 2a), we chose 250 nm as the in-plane periodicity of the helix array to guarantee
three distinct, intense, and narrow resonances in the wavelength range between 750 and
1300 nm. Although the most intense absorption band was found in the range between 400
and 600 nm, this region was excluded from the other analyses because it was not of interest
for two reasons: (i) the spectral band was broad and so not ideal for sensing, (ii) the visible
region is where most biomolecules absorb, so it can also affect the analyte properties and
create signal overlapping. After the in-plane periodicity a was fixed, the influence of the
out-of-plane periodicity N was evaluated. From this analysis (see Figure 2b), it emerged that
the most intense modes, in the same range of wavelengths evaluated before, were found for
N equal to 3. This value was also perfectly suited to the purpose of detecting the refractive
index of a surrounding medium, as it allowed a sufficiently large and extensive out-of-
plane sensing surface [29]. Ultimately, the effect of the incident angle § was investigated
(see Figure 2c), discovering that the value that ensured the best performance in terms of
absorption, in the range 750-1300 nm, was 50°. It can be noticed that even an incident angle
of 60° could be taken into consideration, as it provided intense resonances, but the best
compromise between the intensity and width of the resonances in the range 750-1300 nm
was guaranteed by 6 = 50°.
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Figure 1. (a) The geometry of one lateral unit cell of the out-of-plane chiral structure composed of a
right-handed Au helix on a glass substrate with the relevant structure parameters illustrated: the wire
radius (r), helix radius (R), axial pitch (p), and the lattice constant (a). The out-of-plane periodicity is
indicated by N. The geometry of the chiral metasurface for (b) 2 = 100 nm and (c) 4 = 250 nm.

250 4 60 !
3
—~
4
z T
2 D
00 1 404
400 600 800 1000 1200 600 800 1000 1200 400 600 800 1000 1200 |,
(a) Wavelength (nm) (b) Wavelength (nm) (c) Wavelength (nm)

Figure 2. Normalized absorbance map of the plasmonic metasurface as a function of (a) the in-plane
periodicity a in the range 100250 nm and (b) the out-of-plane periodicity N in the range 1-4. (c) The
angle of incidence in the range 40-60°.

To test the capability of the tailored plasmonic metasurface as a highly sensitive
refractive index sensor, the 1,2,3-Propantriol (glycerol) molecule was selected as a model
analyte to be detected. Different percentage concentrations of glycerol dissolved in an
aqueous solution were tested (2.1,8.5,17.5,38.2,59.0,69.2, and 82.4%), corresponding to as
many different refractive indices (1.345,1.375,1.401,1.437,1.455,1.461, and 1.467) [44]. The
spectral shift interrogation in terms of wavelength change represented the easiest and most
reliable way to perform refractive index sensing compared with intensity interrogation. This
is related to the influence of the surrounding media on the resonance condition that reflects
it in the spectral shifts, more specifically on the dielectric permittivity [22]. To this end,
the parameters carefully chosen by conducting the first parametric analysis (2 = 250 nm,
N =3, and 0 = 50°), made it possible to obtain a spectrum with three narrow and intense
absorption lines in the infrared spectral range. Indeed, the tailored configuration of the
periodic structure offered better spectral response with multiple resonant peaks in particular
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at 792,957, and 1173 nm, as shown in Figure 3a, allowing cross-checking and comparing
the wavelength interrogation with multiple peaks with more reliable results.
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Figure 3. (a) Spectral characterization of the plasmonic metasurface: absorbance spectra calculated
for different concentrations of 1,2,3-Propantriol for a = 250 nm; (b) linear fit of the peak wavelength
plotted versus the refractive index of the medium for the three resonant modes. The fitting equation
is Ap = Ag + Sn; the correlation coefficient is R = 0.99 for the three fits.

In Figure 3a, the three arrows indicate the gradual red shift of the resonant peaks
registered by constantly increasing the refractive index from 1.333 (water) to 1.467 (82.4%
glycerol), while in Figure 3b, the corresponding peak positions as a function of the refractive
index, are reported. The three plots (see Figure 3b, top, middle, and bottom panels) highlight
the linear behavior between A, and 7 (the black squares are the computed data points,
and the straight lines are the linear fits). For sensing applications, a linear change in the
Ay is usually preferable for refractive index sensing of a given unknown medium [22].
From the slope of the fitting equation A, = Ag + Sn, the sensitivity S value for each peak
can be retrieved. Alternatively, the formula to derive the spectral sensitivity (nm/RIU) is
S = An/AA\, where An is the change in the refractive index, and AA is the resonance peak
shift. The extracted S values were found to be in the 449-761 nm/RIU range. As can be
seen from the reported results in Figure 3b, the peak at 1173 nm was the one that mainly
underwent the red shift as the refractive index increased, resulting in a sensitivity value
of 761 nm/RIU. It is worth noting that this mode, which was most affected by in-plane
periodicity, was therefore dependent on the inter-structure interaction, as can be seen from
the absorption map in Figure 2a. By calculating the Full Width at Half Maximum (FWHM),
another sensing-related parameter was deduced, the figure of merit (FOM = S/FWHM).
The resulting FOMs, for the three resonant peaks were in the range 9.9-12.3 RIU™!, by
taking into account the average FWHM values. The calculated values were comparable
with the value range reported in other works [24,45,46] that used metasurfaces with different
geometries, L-shaped, U-shaped, and spiral G-shaped. In Figure 4, it is possible to see the
distribution of the electric field enhancement (| E| /Ejy) on the helix surface at the three
resonance peaks. A significant enhancement of the electric field can be appreciated for the
absorbance peak at 792 nm (=9), at 957 nm (~6), and 1173 nm (~6).
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Figure 4. Electric field enhancement on the helix surface at the three Ay: 792 nm, 957 nm, and 1173 nm.

The intrinsic chiral nature of the plasmonic metasurface considered allowed using
dichroic signals for sensing applications. In this case, it was possible to exploit the absence
of the intrinsic mirror symmetry of the structure and the corresponding difference in its
interaction with circularly polarized light. For this reason, the same numerical model was
modified to have both Left-handed Circular Polarized (LCP) and Right-handed Circular
Polarized (RCP) light affecting the structure, with an incidence angle equal to 50°. In the
Materials and Methods section, we described how it was possible to propagate Circular
Polarized waves in Comsol Multiphysics. In Figure 5a,b, it is possible to see the absorbance
and transmittance curves for the plasmonic metasurface characterized by an in-plane
periodicity a4 = 250 nm, considering only water as the surrounding medium. It is possible
to observe a greater coupling between the right-handed structure and the RCP light, which
led to more peaked absorbance modes than those obtained in the case of the LCP wave,
indicative of a better coupling between the light and the metasurface. In Figure 5c, we report
the Circular Dichroism (CD) that was calculated using the relations, CD 45 = A cp — Arcp,
in the absorption mode, by varying the refractive index of the medium surrounding the
helices, for values corresponding to 38% and 82% glycerol in water.
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g o7 073 go7 07 3
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Figure 5. Cont.
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Figure 5. Absorbance and transmittance spectra of the plasmonic metasurface for (a) Right-Circular
Polarized (RCP) and (b) Left-Circular Polarized (LCP) light. (c) CD spectra calculated in a 1,2,3-
Propantriol-water solution at different molar concentrations ranging from 0% (corresponding to
water (n = 1.333)) to 82% 1,2,3-Propantriol in water (n = 1.467). (d) Linear fit of the peak wavelength
plotted versus the refractive index of the medium.

From the figure, several CD features can be identified corresponding to maxima
(Apm1 =590 nm, App =955 nm), minima (A,,;5,,1 = 665 nm, A,,;,0 = 794 nm), and zero dichro-
ism points (Ag; = 626 nm, Agp = 899 nm). Following the index variation, there was a shift of
the modes from which it was possible to determine the bulk refractive index sensitivity S of
the structure. In particular, we found S in the range 252-614 nm/RIU with an FOM in the
range 6-11 RIU~!. The proposed chiral plasmonic metasurface based on 3D gold helices
may find specific application as a refractive index sensor for detecting different molecules,
due to the high sensitivity achieved in the sensing performance.

4. Conclusions

In conclusion, a multipurpose chiral plasmonic metasurface that consisted of an array
of 3D right-handed gold helices was proposed and numerically explored. To investigate the
influence of different geometrical parameters on the multiple resonant modes supported by
the structure, a systematic parametric analysis was performed. We found the optimal com-
bination of parameters to design a metasurface (2 = 250 nm, N = 3, and 6 = 50°) to achieve
appropriate distinct resonance modes in the IR region ideal for refractive index sensing. The
IR modes allowed performing a minimally invasive refractive index biosensing, compared
to UV-visible modes that overlap with absorption bands of different biomolecules. The
sensing performances were tested by simulating different concentrations of glycerol as the
surrounding medium. The calculated sensing sensitivity and the FOM values in the range
of 450-761 nm/RIU and 9.9-12.3 RTU~!, respectively, suggest that the tailored metasur-
face can be employed for surface sensing. In addition, the designed metasurface showed
highly chiral behavior with tunable multiband CD covering a wide spectral range from
400 to 1300 nm. The interesting optical properties observed for this 3D chiral plasmonic
metasurface can pave the way for the ad hoc design of a highly sensitive surface integrable
in multifunctional compact chips for optical absorption, circular dichroism, and refractive
index sensing.
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Abbreviations

The following abbreviations are used in this manuscript:

SPP Surface Plasmon Polaritons

LSPR Localized Surface Plasmon Resonances
SERS Surface Enhanced Raman Spectroscopy
LCP Left Circular Polarized

RCP Right Circular Polarized

CD Circular Dichroism

uv Ultraviolet

IR Infrared

FOM Figure of Merit

EWEFD Electromagnetic Waves, Frequency Domain
PDEs Partial Differential Equations

FEM Finite Element Method

PBCs Periodic Boundary Conditions

PMLs Perfect Matched Layers

™ Transverse Magnetic

R Reflectance

T Transmittance

A Absorbance

FWHM  Full Width at Half Maximum
E Electric Field

RIU Refractive Index Unit
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