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High-Q Fano resonances in diamond nanopillars
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Abstract: We report on the optical behaviour of a nanostructured diamond surface on a glass
substrate. The numerical model reveals that a simple geometrical pattern sustains Fano-like
resonances with a Q-factor as high as 3.5 - 10° that can be excited by plane waves impinging
normally on the surface. We show that the geometrical parameters of the nanopillars affect both
the resonant frequency and the line shape. The nanostructured surface can be straightforwardly
used as a refractive index sensor with high sensitivity and linearity. Our findings show that
diamond-based meta-surfaces are a valuable nanophotonic platform to control light propagation
at the nanoscale, enabling large field enhancement within the nanoresonators that can foster both
linear and nonlinear effects.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In recent years, metasurfaces have demonstrated their capability to drive the evolution of
photonic technologies by replacing bulky optical components with ultrathin, integrable, and high-
performance devices ready for mass scale production [1]. Metasurfaces consist of a large number
of nanoresonators, also known as meta-atoms, whose arrangement influences light scattering,
resulting in local modulation of amplitude and phase of the emerging field. By properly choosing
the geometrical dimensions, orientation, and material of individual nanoresonators, a high degree
of freedom in engineering light scattering can be achieved [2].

This concept has led to the development of several devices to control wavefronts [3], enhance
the quality of structural colors [4] enhance and exploit nonlinear effects [5], and provide novel
routes to quantum optics [6]. These promising properties have driven the rapid development of
metasurfaces, particularly dielectric-based ones and triggered an increasing demand for high
refractive index materials with high transparency and large nonlinear coefficients [7,8].

In the visible range there are few materials with such properties, and most of the dielectric
photonic nanostructures found in literature are made of silicon [9], silicon nitride [10] and few
other high refractive index metal oxides [11] such as hafnium oxide [12] or TiO, [13].

Among the dielectric materials, the unique electronic properties of diamond make it extremely
interesting for photonic applications. Indeed, on one hand the wide electronic band gap provides
an extremely low extinction coefficient and on the other hand diamond exhibits a high refractive
index over the entire visible range. The wide electronic bandgap makes diamond an ideal material
for hosting more than 500 colour centers, some of which can act as atom-like single photon
sources even at room temperature [ 14,15]. Moreover, diamond exhibits a relatively high nonlinear
refractive index (n, = 1.3-10~"°m?>W~"). By gathering all the above mentioned features, diamond
results to be a rather promising material for classical and quantum photonic devices [16,17].

Recently, a comprehensive review by Shandilya and coworkers [18] highlighted the potential
that diamond has for integrated quantum photonic. However, despite the longstanding interest
toward diamond in the quantum optics community, there are still few examples of diamond based
metasurfaces in literature, such as metalenses to efficiently extract light from Nitrogen Vacancy
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centers [19], diamond nanostructures sustaining Mie resonances in view of generating artificial
colours with high efficiency [20] and nanostructured diamond whose non linear properties have
been investigated [21]. The relative lack of diamond based photonic devices is mainly due to
the difficulty in growing thin diamond films on substrates different from diamond itself as a
consequence of the high surface energy due to strong carbon-carbon bonding [22]. Nevertheless,
nucleation-based techniques have been developed to facilitate the growth of diamond, including
electrostatic seeding, which is commonly used for nanocrystalline growth [23] or bias enhanced
nucleation, which is a primary technique for heteroepitaxial growth [24]. It is worth noting that
similar issues related to Silicon based photonics have been solved by the development of Silicon
on Insulator (SOI) technology [25], that kicked off the field of integrated photonics, and more
recently Silicon Carbide on Insulator technology enabled new photonic devices [26].

In this work, we report on the optical behaviour of diamond nanopillars on a glass substrate.
Our numerical model shows that a plane wave impinging normally on the proposed surface
pattern can excite Fano-like resonances with a Q-factor as high as 3.5 - 10°. To the best of our
knowledge this is among the highest values reported in literature for all dielectric metasurfaces
[27-30].

We study the dependence of the resonance from geometrical and environmental parameters,
showing that both the lineshape and resonant frequency are affected by the height of the pillars
and by the refractive index of the external environment. As a direct application of our findings,
we show that the diamond metasurfaces can be used as a refractive index sensor with sensitivity
up to 72.21 nm per refractive index unit (RIU) and linearity over a wide range of refractive
indexes. Our findings shows that diamond-based meta-surfaces are a valuable nanophotonic
platform to control light propagation at the nanoscale, enabling large field enhancement within
the nanoresonators that can foster both linear and nonlinear effects.

2. Methods

Finite elements method simulation software COMSOL Multiphysics 6.0 has been used to calculate
the optical response of the metasurface in the frequency domain. We simulated an infinite
array of diamond nanopillars in a square lattice configuration by applying periodic boundary
conditions to the unit cell (Fig. 1(a)) along the x and y axes. The unit cell is a square based
parallelepiped (lateral side, i.e. the pitch of the array P = 350nm, height 3.2m) and is composed
by an individual pillar standing on a glass substrate (ng,;, = 1.51) with diameter D = 270nm and
height & that we varied in the simulations from 420 to 660 nm.

An electromagnetic plane wave linearly polarized along the x-direction propagates from the
superstrate in the normal direction with respect to the surface. To compute the transmittance
profiles we sweeped the frequency with a frequency step Af = 326GHz, corresponding to a
AA = 0.5nm. In order to resolve the narrowest resonances, we reduced the frequency step down
to Af ~ 10GHz corresponding to a Ad = 0.002nm. We placed two ports at the superstrate and
substrate boundaries to calculate transmittance and reflectance. In the first part of the paper, we
fixed the superstrate refractive index at 1. In the second part, we varied it from 1 to 1.5. The
complex refractive index of diamond as a function of the wavelength is taken from literature [31].
Beside transmittance and reflectance, we can extract and analyze the field distribution inside the
pillar along different cross sections.
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Fig. 1. (a) Sketch of the unit cell consisting of a diamond nanopillar on a glass substrate (n
= 1.51). The structure is illuminated by an electromagnetic plane wave with a wave vector
travelling perpendicular to the surface and linearly polarized along x. Transmittance profiles
as a function of incident wavelength for different values of the pillar’s height / (b) and pitch
P (¢).

3. Results and discussion

Figure 1(b) shows the transmittance calculated for different heights 4 of the nanopillars. Each
profile exhibits a complete suppression of the transmittance at the resonant wavelength, and
a red-shift of the resonance is observed upon increase of 4. The line width and line shape of
the resonances are also strongly affected by the pillar height. An asymmetric profile similar to
the typical Fano resonance line shape [32] is clearly observable (red line), and by increasing &
we observe a reduction of the asymmetry together with a narrowing of the line width (orange
and yellow lines). Above a critical height (green line), the resonance broadens again, and the
asymmetric profile appears specular to the previously described ones (blue, violet and purple
lines). A similar behaviour is observed when the period of the pillar array is varied (Fig. 1(c)).
In particular we observe a blue-shift when the period is reduced, and a red-shift when it is
increased. The resonance shift related to the pitch variation suggests a near-field interaction
between adjacent pillars.

Firstly, we focus our attention on the Q-factor of the resonance to find out the maximum Q
achievable with the proposed geometry. Figure 2(a) shows the profile of the Q-factor as a function
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of h. Here the Q-factor is calculated as follows:

A
0= ()

where A, is the resonant wavelength and AA is the Full Width at Half Maximum (FWHM). For
h = 500nm, the Q-factor is 2.9 - 10?, while when & = 542nm, it reaches 3.5 - 10%, revealing an
increment of 2 orders of magnitude. For larger values of & the Q-factor decreases again, back to
a value of 2.9 - 10> when & = 600nm.
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Fig. 2. a) Q-factor as function of the height / of the nanopillar, swept from 500 nm to 600
nm. (b), (¢) Norm of the electric field distribution in the xy plane at z = 4/2 (b) and in the
xz plane at y = P/2 (c). (d), (e) Norm of the magnetic field distribution in the xy plane
at z = 3/4h (b) and in the xz plane at y = P/2 (d). The arrows represent electric (black)
and magnetic (red) field vectors. The fields are extracted for # = 540nm and wavelength
A =672.9nm.

To get some more insights into the resonant behaviour of the diamond nanostructures, we
extracted the field distributions when 4 maximizes the Q-factor (red circle in Fig. 2(a)). The
resonant wavelength in this case is 4 = 672.9nm. The full suppression of the forward scattering
observed in the transmission spectra and the extremely high Q-factor of the Fano resonances can
be understood by looking at the interplay between high order electric and magnetic multipole
resonances that satisfies the generalized Kerker condition [33,34]. A recent paper clarified the
role of multipole resonances when arrays of nanopillars are considered by performing a multipole
expansion analysis on the scattered field [35]. Here, Fig. 2(b) and (c) show the electric field
distribution across the xy plane at z = i/2 (b) and across the xz plane at y = P/2. The electric
field is mainly located on the side of the pillar, where it is oriented along z, and outside of it,
confirming the near-field coupling between pillars. By looking at the electric field vectors (black
arrows in Fig. 2(c)) we observe two closed loops, in the bottom and upper part of the pillar. Both
the loops are clockwise, and therefore they generate two magnetic dipole resonances with the
magnetic dipole (MD) moment aligned along y. The MD can be clearly seen in Fig. 2(d) and
(e). In d, the vectors indicate the orientation of the MD moment. In between the two MDs, the
electric field vectors generate an electric quadrupole (EQ) resonance. The overlapping between
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the MD and EQ responses satisfies the condition for the Kerker condition and results in complete
suppression of the forward scattering.

To prove that the resonance is a Fano resonance that originates from the overlapping of the
background reflected field (bright mode) and the MDs and EQ (dark modes) [4] and to assess
the effect of the height of the pillars on the resonance line shape of the resonance we fitted the
transmittance spectra with the Fano formula:

_ Q@+ +9P

) Q2+1)

@)

where Q = 2 - % contains the resonance frequency (fy) and the resonance width (y) and ¢
is the Fano parameter [36]. Figure 3(a) shows three transmittance spectra fitted by the Fano
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Fig. 3. (a) Transmittance as a function of the frequency simulated for different heights
of the nanopillars: & = 520nm (red), h = 542.5nm (black) and h = 565nm (blue). (b)
Transmittance as a function of the frequency simulated for nanopillars with height i = 542.5.
A (Ar) is the FWHM of the resonance. (c) Fano parameter g and resonance width y
evaluated for different heights of the nanopillars from & = 400nm to h = 650nm.
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formula. The red (h = 530nm) and blue (h = 565nm) curves are slightly detuned from the
maximum Q factor condition, while the black one (2 = 542.5nm) maximises the Q-factor and
has been reported in Fig. 3(b) to better evaluate the line shape. The black line has a FWHM
AA = 0.02nm, which corresponds to a bandwidth Af = 14GHz. Figure 3(c) reports the two fitting
parameters ¢q - the Fano parameter - and y as a function of the pillar height. The graph clearly
shows a sharp transition of the Fano parameter from negative to positive values, and the red, blue
and black dashed squares indicate the points corresponding to the profiles reported in Fig. 3(a).
The condition for a Quasi-Lorentzian line shape is achieved when the resonance width (y) is
minimized.

The resonant behaviour of the nanopillars can be exploited for sensing purposes [37]. In order
to evaluate the sensitivity and linearity of the diamond-based metasurface with respect to the
refractive index of the superstrate, we propose a scenario where the metasurface is fully immersed
in a thick homogeneous dielectric material (thickness of the superstrate domain 1.6um). For
the simulation we fixed the height of the pillar at 47 = 540nm and varied the refractive index
of the external layer from 1 to 1.5. The results in Fig. 4(a) show a red shift of the resonant
wavelength when n is increased. In Fig. 4(b) we report the position of the resonant wavelength as
a function of the external refractive index and the corresponding Q-factor. The induced shift of
the resonance is well fitted by a linear function (root mean square error (RMS) = 0.047) with an
angular coefficient S = 72.21nm/RIU. The Q-factor increases up to 3.5 - 10° when Ngp = 1.25,
corresponding to a FWHM AA = 0.002nm. By assuming the FWHM of the resonance as the
resolution limit of the system, we can infer that the metasurface can resolve variations of the
refractive index up to 4.2 - 107 RIU when the external refractive index is close to 1, and up to
2.73 - 1073 RIU when ngp is close to 1.25, as calculated from An = Ad
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Fig. 4. (a) Transmittance spectrum calculated for different refractive index values of the
surrounding medium, varying from 1 to 1.5. (b) Resonant wavelength as a function of the
refractive index of the external medium (blue data, left axis) and Q-factor of the resonance
(red data, right axis). The blue data are well fitted by a linear function (blue dashed line)
whose slope is S = 72.21 nm/RIU.

4. Conclusions

In this paper we show that an array of diamond nanopillars can be properly engineered to exhibit
high Q Fano resonances whose properties can be tuned. We have shown that the quality factor of
the resonances is strongly dependent on the height of the individual pillars and periodicity of the
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array, and that the field distribution inside the pillar originates electric and magnetic multipolar
moments associated to Mie resonances [38]. By tuning the height of the pillars we match the
condition, where the Fano parameters vanishes and the resonance assumes a symmetric lineshape
with a Q-factor as high as 3.5 - 10* [36]. We also evaluated the effect of changing the refractive
index of the external medium up to a value of 1.5. The change in the environmental refractive
index induces a spectral shift of the resonance that is linearly dependent on the refractive index
variation, and a resolution down to 2.73 - 107> RIU is theoretically predicted. It is worth notice
that excitation and the detection schemes of an eventual sensor is extremely simplified with
respect to other optical refractometric sensors based on resonance shift, as for example the
Attenuated Total Reflection schemes [39]. In the proposed scheme the white light impinges
normally to the surface, making the metasurface based sensor suitable for miniaturization or
integration in microfluidic devices. For applications other than sensing such as wavefront shaping
or non linear optics, the analysis on the refractive index of the superstrate suggests that the
diamond metasurface can be eventually enclosed in a protective low refractive index dielectric
layer still preserving a strong resonant behaviour.
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