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Abstract: Metasurfaces exhibit unique optical properties that depend on the ratio of their
refractive index and that of their surroundings. As such, they are effective for sensing global
changes in refractive index based on the shifts of resonances in their reflectivity spectra. However,
when used as a biosensor, the metasurface can be exposed to a spatial distribution of biomolecules
that brings about gradients in refractive index along the plane of the metasurface. Such gradients
produce complex global reflectivity spectrum but with distinct optical enhancements in localized
areas along the metasurface. Here, we propose a unique sensing paradigm that images and maps
out the optical enhancements that are correlated with the spatial distribution of the refractive
index. Moreover, we designed a metasurface whose resonances can be tuned to detect a range of
refractive indices. Our metasurface consists of silicon nanopillars with a cylindrical nanotrench
at their centers and a metal plane at the base. To assess its feasibility, we performed numerical
simulations to show that the design effectively produces the desired reflectivity spectrum with
resonances in the near-infrared. Using an incident light tuned to one of its resonances, our
simulations further show that the field enhancements are correlated with the spatial mapping of
the gradients of refractive indices along the metasurface.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Metasurfaces are planar nanostructured sheets that produce enhanced electromagnetic field
hotspots making them useful for a range of applications from biosensors [1-5], energy harvesters
[6] to thermal emitters [7]. The field enhancements in metasurfaces are highly dependent
on the ratio of the material’s refractive index and that of its surroundings. These properties
have been applied mostly in biosensing, where changes in the reflectivity spectra or shifts
in the resonant wavelength are exploited for sensing the refractive index of the surrounding
medium [2,3,8,9]. However, in complex sensing conditions, such as using the metasurface
as an artificial niche for cell studies [10], spatial gradients in refractive indices arise due to
arbitrary distributions of biomolecules. Such gradients in refractive indices can yield spatially
localized optical enhancements that can be used to map the refractive index distributions along
the metasurface. Sensing and mapping the spatial distribution of refractive indices can provide
novel insights especially when using the metasurface as lab-on-a-chip sensors for assessing
biochemical, bacteria or virus distributions.

Metasurfaces have been used to identify biochemicals and molecules via refractometric sensing
using plasmonic nanostructures [9,11-14]. Dielectric metasurfaces [15] have been integrated
into functional biosensor chips [16] and dielectric dimers have also been useful for enhancing
electromagnetic field hotspots [17—19]. Moreover, metasurfaces consisting of nanopillars with
nanotrenches can produce spatially modulated electric field enhancements or tunable “hot spots”
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[20], which can be used to improve the sensitivity and light-material interaction. High-aspect-ratio
structures, which support surface plasmon resonance along the vertical direction, can be defined
precisely in the fabrication steps of standard top down processes including photolithography and
reactive ion etching [21]. Several types of modes are hybridized in the coupling, which can lead
to narrower linewidths of the resonances [22].

Using metasurfaces to detect multiple molecules requires multiple resonances, and several
methods have been reported. Chen er al. utilized a polarization-sensitive array of vertically
coupled complementary antennas to achieve dual-mode molecule sensing in the infrared range
[11]. Celebrano et al. described a non-axial-symmetry single-crystalline gold nanostructure to
obtain double mode resonance [23]. Boriskina et al. embedded bow-tie nanoantennas or dimer
gaps into multiple-periodic gratings to produce multiwavelength resonances in the visible range
[24]. Liu et al. reported a triple-layer dielectric metamaterial with a metal substrate to achieve
multiple absorption bands in the visible range [25].

These developments point towards the use of metasurfaces as efficient biosensors. A primary
concern when using the metasurface as a biosensor is the biocompatibility of the material.
Complications associated with metal surfaces and cultured cells, such as corrosion especially in
the presence of biochemicals, make dielectric materials the preferred option [26,27]. Moreover,
the choice of operating wavelength of the probing light should be within the optical window of
biological tissues where the probing light is least invasive to the biological sample and least
absorbed by water. Such optical window falls within the near infrared region [28,29]. Using a
probe light within the near infrared region therefore makes it possible to sense refractive indices
with less invasive effects compared to using a probe light that matches with certain absorption
bands of bio-molecules. Since dielectric metasurfaces have flexibility of varying doping carriers
[30], we can therefore design a dielectric-based metasurface whose resonant modes fall within
the near-infrared region. Furthermore, each resonant mode should be distinct so it can be used to
sense a range of refractive index gradients.

To address these issues, we propose a novel metasurface design to visualize gradients in
refractive index along the sensing plane. The metasurface consists of a high-aspect-ratio dielectric
array of nanopillars that produces electromagnetic field enhancements with multiple but distinct
resonant modes in the near infrared region. The resonant modes can be tuned by the height
and diameter of the nanopillar as well as the diameter of the nanotrench at the center of each
nanopillar. Moreover, the linewidth of the resonant modes can be also be tuned using a thin metal
layer sandwiched between the dielectric substrates [31]. To assess its performance, we calculated
the three-dimensional (3D) electromagnetic field distribution at constant and varying refractive
indices of the surrounding medium. Rather than measuring shifts in the spectra, we propose
a unique sensing paradigm where we illuminate the metasurface using light set to a particular
resonance. A similar approach has been proposed by Rodionov, ef al. where they measured the
gradients in refractive index by the redistribution of intensities between transmitted diffraction
orders [32]. Our approach, on the other hand, works by imaging the field enhancements at the
nanopillars and effectively visualizing the two-dimensional map of the spatial distribution of a
range of refractive indices. Using numerical simulations, we show effective imaging of refractive
index gradients along the metasurface paving the way for their use as a biosensor for complex
biochemical distributions along the sensing plane.

2. Biocompatible 2D model of the metasurface sensor

We first describe a two-dimensional (2D) model to assess its fundamental optical properties
by varying the diameter of the nanotrench, height and diameter of the nanopillar as well as the
thickness of the metal layer. Figure 1(a) shows the proposed metasurface consisting of an array
of nanopillars (diameter D, depth /1 and period p). Each nanopillar has a nanotrench (diameter 6)
at the center. The base of the nanopillars consists of a 10-nm-thick dielectric layer and a metal
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plane (thickness 7) on top of a glass substrate. The dielectric layer protects the metal surface
from corrosion or contact with the cells and biochemicals. To assess its optical properties, a
uniform transverse magnetic (TM) polarized light is incident vertically from the topside of the
metasurface represented by the wave vector of k;, and electric vector of E,. On the other hand,
light with transverse electric (TE) polarization is directed orthogonal with respect to TM along
the transverse direction.
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Fig. 1. 2D model.(a) Schematic of the metasurface. (b) Normalized reflectivity spectra
(blue) and electric field enhancement (red) of the metasurface with a nanotrench diameter,
¢ = 10 nm, nanopillar height, 2 = 1um and 7 = 20 nm-thick metal layer using an incident TM
(solid) and TE (dashed) polarized light. (c) An all-dielectric metasurface with 7 = 0 yields a
complex reflectivity spectrum. The reflectivity spectra with varying design parameters: (d)
metal plane thickness from 10 <7< 30 nm with constant nanotrench diameter 6 = 10 nm,
nanopillar height 2 = 1 ym and nanopillar diameter D = 200 nm; (e) nanotrench diameter
from 5 <6< 100 nm with constant 2z = 1 ym, D = 200 nm and 7= 20 nm; (f) nanopillar
height from 0.05 <h<1.2 ym with constant =10 nm, 7=20 nm and D = 200 nm; and (g)
nanopillar diameter from 200 <D<450 nm with constant 7=20 nm, § = 10nm and & = 1
pm using an incident TM (left) and TE (right) polarized light. We used a glass substrate
with thickness of at least 1 um. Color scale represents the normalized reflectivity.

We used finite element methods (COMSOL Multiphysics software package) to numerically
calculate the reflectivity spectra as well as the electric field distributions. To reduce the
computational complexity, we set a periodic boundary condition in the x direction and divided
the calculating domain into two regions depending on the feature size. The region inside the
nanopillar (which includes the nanotrench) has a minimum mesh size of 0.1 nm and maximum
of 1 nm. On the other hand, the region outside the nanopillar including the base substrate has
minimum mesh size of 1 nm and maximum of 20 nm. We have compared the results with those
calculated with a constant mesh size all throughout and the results are comparable. Taking into
account dispersion, we obtained the refractive indices of aluminium and silicon as a function of
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wavelength from known sources [33-35]. From the electric field distribution, we calculated the
electric field enhancement, e g, by integrating over an area, A, around the nanopillar over their
corresponding integrated incident fields, giving us e|g| = f |E|dA/ / |Ein|dA.

Figure 1(b) shows the reflectivity spectra (blue) and corresponding electric field enhancement
(red) using normal incidence of a TM (solid) and TE (dashed) polarized light with wavelength
varied from 0.8 ym to 1.4 ym. The resonances occur in the near infrared with TM polarization
exhibiting better contrast at resonance. On the other hand, the maximum value of the e|g| with
TM polarized light is about seven times stronger than that with TE polarized light. The strong
field enhancement is due to our nanopillar design with nanotrench that supports bonding and
antibonding modes that are strongly localized on the gap domain [17,36,37]. Both the reflectivity
and field enhancements decrease at wavelengths shorter than the infrared and optimum at longer
wavelengths. As such, our system has lesser potential for its application using visible probe light.

We assessed the effect of the metal plane by calculating the reflectivity spectra for a similar
structure in the absence of the metal plane or by setting 7 = 0. The reflectivity spectra with TM
and TE polarized light have multiple and closely spaced resonant modes with narrower linewidths,
as shown in Fig. 1(c). While resonant modes with narrow linewidths may be beneficial for
certain biosensor mechanisms, its potential use for our sensing paradigm will produce ambiguous
readings especially since the modes are closely packed and cannot be differentiated. To further
assess the impact of 7, we calculated the reflectivity spectra for 10 < 7< 30 nm. Using a TM
polarized light resulted in narrower and slightly blue-shifted resonant modes with increasing 7
(Fig. 1(d)-left). However, for TE polarized light (Fig. 1(d)-right), the resonant modes remain
constant but with a broader linewidths as compared to that with TM polarized light.

We then investigated how the resonances are influenced by the geometry by calculating
the reflectivity spectra with varying 6. Figure 1(e) shows how the reflectivity spectrum is
influenced by the diameter (5<6<105nm) of the nanotrench using an incident light with TM
and TE polarization. For TM polarization, majority of the resonant modes are blue-shifted with
increasing diameter ¢, while one mode (indicated with a blue arrow) is red-shifted. Since the
periodicity of the nanopillar array and the wall thickness of the nanopillar are kept constant,
increasing 0 means increasing the gap size of the dimer nanoantenna, and therefore leads to higher
resonance energy or blue-shifted resonance modes [38,39]. Moreover, the red-shifted resonance
mode (blue arrow) is due to the narrow gap size (<20 nm) far shorter than the wavelength of a
probe light, which leads to hybridization of the bonding mode and lattice mode [37]. On the
other hand, an incident light with TE polarization, the resonant modes are generally blue-shifted
with increasing o.

The height and diameter of the nanopillar can set the wavelength of the resonance modes.
Figure 1(f) shows how the reflectivity is influenced when the height () of the nanopillar is
varied from 0.05<h<1.2 um. We found that the resonant modes are generally red-shifted with
increasing A for either TM or TE polarizations. On the other hand, Fig. 1(g) shows the reflectivity
spectra as the diameter of the nanopillar is increased from 200 nm to 450 nm. Similarly, the
resonant modes are red shifted for either polarization states. A larger diameter or a longer height
results in a longer resonant wavelength, which can be explained by the resonant waveguide model
[37]. For TE polarization, the splitting of the resonant modes is potentially due to the antibonding
mode excited by the incident light [37].

In this section, we have shown that the linewidth of the resonance can be tuned by the thickness
of the metal plane, while the resonance wavelength can be tuned by the diameter of the nanotrench
or the height and diameter of the nanopillar. For sensing refractive indices, we can optimize the
structure with appropriate resonance modes with suitable contrast and bandwidth to improve
the sensitivity [31]. By tailoring the structure of the nanopillar, we can identify an operating
wavelength of a probing light where it matches to a certain resonant mode, which produces field
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enhancements that are correlated with the refractive index of the surrounding medium. The
resonant mode should also be broad enough so a range of refractive indices can be measured.

3. 3D model and biosensing of refractive index gradients

To assess how our metasurface can function as a biosensor, we extended our 2D model to 3D
and calculated the reflectivity spectra in varying refractive indices of the surrounding medium.
Figure 2(a) shows the 3D diagram of the metasurface with similar parameters as the 2D structure
shown in Fig. 1(a). To simulate sensing of refractive indices, we replaced the surrounding medium
from air (n = 1.0) to water (n, = 1.33). Water in liquid form is distributed along the metasurface
thereby covering all areas where air would have been present. We have not incorporated the
effect of surface tension in our simulations. The reflectivity spectra of the metasurface in air and
water show resonances in the near infrared (Fig. 2(b)). The shifting of the resonances to longer
wavelengths is due to the coupling condition of the incident light and the nanopillar, which is
highly dependent on the refractive index of the surrounding medium [13,31]. The reflectivity
spectrum of the 3D structure in air is blue-shifted and compressed compared to that of the 2D
model (Fig. 1(b)), but nonetheless exhibit similar features. We then systematically changed the
refractive indices in the medium surrounding the metasurface and Fig. 2(c) shows linear shifts
the resonances (1; = 1.045um and A, = 1.108um) towards longer wavelength (Fig. 2(d)).

b 1.0

a

A (um) ' ' n

Fig. 2. 3D model. (a) Schematic of the metasurface with parameters and color scheme
similar to the 2D model. (b) The reflectivity spectra of the metasurface in air and water
using an incident TM polarized light. The resonance modes are generally red-shifted when
the surrounding medium is changed from air (n = 1) to water (n, = 1.33). (c) Reflectivity
spectra using an incident TM polarization showing two resonance modes, 41 and ;. (d)
Resonant wavelength shift for the two resonance modes with uniform refractive index of the
surrounding medium varied from 1.33 to 1.48.

When using the metasurface as a biosensor, the refractive index of the surrounding medium
varies with the distribution of biomolecules. Such spatial biomolecular distributions occur when
the metasurface is used as an artificial niche where cells are grown [10], or when the analyte
is composed of spatial clusters of bacteria or viruses. To model such operation, we used a
3 X 3 nanopillar array with D = 210 nm, 6 = 10 nm and 4 = 1.0 ym and varied the refractive
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index linearly from 1.33 < n < 1.48 along the x-axis. To visualize the gradient in refractive
index along the metasurface, we apply our unique sensing paradigm where we illuminate the
metasurface using light set to a particular resonance. From the reflectivity plot in Fig. 3(c), we
identified an operating wavelength to be able to translate the gradient in refractive index as a
measurable quantity in terms of field enhancement. Illuminating the metasurface using light with
A = Ay sets up resonance and low reflectivity at n = 1.36 and consequently exhibiting high field
enhancements at the nanopillars. On the other hand, the same light does not trigger resonance at
n = 1.48 and thereby exhibiting lower field enhancements.

a b

E-field along y
Y (um)

Y (um)

E-field along x

Fig. 3. Biosensing performance of the metasurface biosensor. (a) 3D intensity distribu-
tion with refractive index, n, linearly varied along the x-axis and illuminated with laser with
A = A and with TM polarization with E-field directed along y-axis (top row) and x-axis
(bottom row). Corresponding planar (b) xz— and (c) xy— intensity distributions derived by
integrating the intensity along the y- and z-axis, respectively. Color scale shows normalized
intensity.

Figures 3(a) (top and bottom) show the 3D intensity distributions using TM polarized light
with E-field along y— and x— directions, respectively. The corresponding intensity distributions
along the xz- and xy- planes are shown in Figs. 3(b) and (c), respectively. When the E-field is
directed orthogonal to the gradient in refractive index (Fig. 3 top row), the field enhancements are
observed similar to resonance conditions and inversely correlated with the gradient in refractive
index along the x-axis. However, when the gradient in n is along the direction of the E-field
(Fig. 3 bottom row), the intensity is weaker but the enhancements yielded a positive correlation
with varying n. Such polarization dependence sensing can produce a full 2D map of arbitrary
refractive index gradients by acquiring and integrating two intensity distributions using both
TM polarized light with E-fields rotated along the x and y directions. Planar observation of the
intensity distribution along xy plane can therefore be used to sense changes in refractive index,
which can be correlated with the biochemical gradients along the metasurface.
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4. Discussion

For biosensing applications, metasurfaces can be used as scaffolds [10], electrical probes [40]
and Raman analysis [20,41] for probing growth and function of cells. The sensitivity of the
biosensor to the refractive index of the surrounding medium is one of the key features we used
for sensing [42]. To obtain a biosensor with high sensitivity, we selected a resonant mode with a
large modulation depth. We can evaluate the sensing performance by calculating the sensitivity
using the ratio between resonant wavelength shift (A1) and change of the refractive index (An)
of the surrounding medium, given by S = A1/An (nm) (Fig. 2(d)). Inversely, the refractive
index of the surrounding medium can be acquired from S using the relation n = n, + (17 — 4;)/S,
where A/ is the resonant position shifted from 4; (Fig. 2(d)). We identify a dimensionless sensing
range, An,,qx, which takes the ratio of the full-width at half maximum (o) and sensitivity for a
specific resonance, giving us An,, = o/S. For 4;, we calculated S = 226.7 nm, o; = 8.9 nm
and An,,, = 0.039. On the other hand, for A,, we calculated S = 193.3 nm, 0 = 48.5 nm and
Anpge = 0.251 (see Fig. 2(c)). In other sensing paradigms, the figure of merit, FoM = A”;le is
often used to assess the sharpness of the resonance [8]. However, within our sensing paradigm,
Anygqy defines the maximum An (with respect to n,) that can be detected by our biosensor. This
implies that a narrow o provides for a highly resolved sensor but with a limited range in detecting
refractive index gradients. On the other hand, a sensor with lesser resolution but with larger
coverage in An is provided by a broad o.

5. Conclusion

From a theoretical framework, we have proposed a novel sensing paradigm capable of sensing
gradients in refractive index of the medium surrounding the metasurface. The variations in
refractive index are highly correlated with the field enhancements at the nanopillars. The
operating conditions can be tuned to available light sources by tailoring the geometry of the
metasurface (6, h, D and 7). Due to the varying bandwidths of certain resonant modes, our
metasurface can well be applied as a refractive index sensor with different sensitivities. A narrow
bandwidth provides for higher resolution but with limited range in An. Other resonance positions
can also be used depending on the estimated range of n and sensitivity. This theoretical framework
paves the way for sensing of biochemical distributions and potentially their concentrations after
performing the necessary calibrations with fabricated metasurfaces. The applicability of our
metasurface-based biosensor and our novel sensing paradigm extends to lab-on-a-chip sensors
requiring fast imaging and assessment of portable testing kits for biochemical, bacteria or virus
distributions.
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