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ABSTRACT
We designed a metasurface made of a monolayer of spherical nanoparticles embedded in a dielectric slab, which exhibits transmission properties independent of the incidence angle. Adjusting the electromagnetic coupling between high-index dielectric and hybrid core-shell nanoparticles enables the metasurface to operate in low-pass, bandpass, as well as band-stop regimes in the visible and near-infrared spectral
ranges. We demonstrate how symmetric properties of spherical nanoparticles determine the response of the metasurface, resulting in a spectral ﬁlter with a wide angular acceptance range. We study transmission characteristics of the metasurface, such as frequency selectivity, the
slope of ﬁltering at cutoﬀ frequencies, and the robustness of the metasurface against experimental variations in geometrical parameters. Our
analyses show that the proposed approach can be used to design angular-independent spectral ﬁlters with the same material platform and
approach to operate in diﬀerent regimes and spectral ranges.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5108578
I. INTRODUCTION
Going beyond natural optical materials, metamaterials are
attracting attention in various photonic applications, providing
ﬂexibility to design optical response otherwise diﬃcult to achieve.
This has become possible by introducing meta-atoms as building
blocks of metamaterial structures. Similar to natural materials, the
geometry and properties of meta-atoms and their arrangement and
topology determine the properties of the metamaterials.1–4 Various
designs of meta-atoms have been introduced for diﬀerent applications, such as invisibility cloaking5 and optical nonlinearity engineering.6 However, among studied meta-atoms, the symmetry of
spherical nanoparticles provides with isotropic optical response
based on strong multipolar resonances. The use of such
meta-atoms in metamaterials in general7–10 and metasurfaces in
particular has led to highly eﬃcient structures with tuneable
response11–13 and controlled reﬂectivity14 and streamlined nanoantenna designs.15 The simple structure of spherical meta-atoms has
led to a better understanding of their interaction with light
in terms of polarization16–18 and absorption19–23 control in
nanosphere-based metastructures.
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Transmissive metasurfaces have recently received much attention with various application oriented designs.16,24–26 The dependence of the transmittance on the angle of incidence in
gigahertz27–29 and optical30 spectral ranges has been studied;
however, an angle-independent metasurface remains a challenge. In
this work, we introduce an ultrathin, symmetrical metasurface for
angular-independent spectral ﬁltering. We use silicon spherical
nanoparticles with and without plasmonic coating, capable of supporting resonant modes31 immersed in a slab made of technologically relevant silicon nitride. Using the interplay between the
resonant modes of the nanoparticles and the Fabry-Pérot mode of
the slab, we demonstrate that the proposed metasurfaces maintain
their transmission properties throughout a wide range of incidence
angle. They make possible to construct broadband, frequency selective, low- or bandpass ﬁlters and narrowband sharp-notch ﬁlters,
simply by modifying the nanosphere geometrical parameters and
material and their spacing. The combination of Si nanoparticles
and Au or TiN plasmonic shells, together with a high refractive
index of the SiN host, allows designing the required spectral
response throughout visible and near-infrared spectral ranges.

126, 213101-1

Journal of
Applied Physics

II. RESULTS AND DISCUSSION
The proposed design is schematically shown in Fig. 1(a) on
the example of a planar array of silicon nanoparticles coated with a
gold shell inside a dielectric slab. We employed a Finite Element
Method using the commercial software CST-Studio to analyze the
optical properties of the metasurfaces with diﬀerent geometrical
parameters. The ﬁlter response to both the transverse magnetic
(TM) and transverse electric (TE) polarized incident light, as well
as to unpolarized light, important for practical applications, was
examined. Experimental data on the permittivity of various materials were taken from Refs. 32 and 33. The simulations were performed by deﬁning a unit cell which includes one spherical
nanoparticle embedded in the dielectric slab and using a twodimensional periodic boundary condition. Due to reciprocity, the
transmission spectrum is symmetric from both sides of the metasurface and can be evaluated using the scattering matrix (jS21 j2 ).34
The general operation principle of the proposed metasurfacebased optical ﬁlter is determined by the interplay of resonant transmission of a dielectric slab and the resonant absorption and scattering of the nanoparticle. This is demonstrated in Fig. 1(c) which
shows the spectral behavior of a single silicon nanoparticle of a
radius 60 nm in an inﬁnite high-refractive-index medium (SiN)
and the transmission spectra of the SiN slab.
Due to their small size compared to the operating wavelength,
isolated nanoparticles support two modes only (electric and magnetic dipoles), and the excitation of higher-order multipoles is negligible. These two modes might scatter light in a certain angular
pattern, thus decreasing the overall transmitted light. Furthermore,
part of the scattered light is reﬂected back at the dielectric-air
surface, remaining in the slab and feeding the nearby nanoparticles.
At the wavelengths out of resonance, the incident light sees a
medium whose eﬀective refractive index is an average between the

ARTICLE

scitation.org/journal/jap

one of the slab and that of the nanoparticles and passes through
the metasurface otherwise unimpeded. Depending on a distance
between the nanoparticles and the nature of the resonances, e.g.,
plasmonic, dielectric or core-shell nanoparticles, the coupling
between the nanoparticles may play a role in determining the ﬁlter
characteristics, including overall transmission and spectral position
and sharpness of the ﬁltering slope. The metasurface-based optical
ﬁlters can be designed to achieve various types of spectral ﬁltering,
such low-pass, band-path, and band-stop ﬁlters.
Low-pass ﬁltering can be achieved using an array of Si nanoparticles in a SiN slab (Fig. 2). The transmission spectra for TEand TM-polarized light as well as unpolarized light conﬁrm that
the symmetrical properties of spherical nanoparticles lead to
angular-independent transmission of the metasurface. The gap
between the nanospheres, their radius, and the thickness of the slab
are playing diﬀerent roles in the ﬁltering properties. Changing only
the radius of nanoparticles from 30 nm to 60 nm allows us to tune
the transmission spectrum in a wide spectral range from below
400 nm to beyond 500 nm with larger nanospheres naturally
leading to longer wavelength cutoﬀ in the long-pass regime
[Fig. 2(d)].
The relatively low density of the nanoparticles considered in
the design ensures high transmittance in the transparency bands,
but it is suﬃcient to achieve strong suppression of the transmitted
light in the rejection bands. At the inter-particle distances larger
than 10 nm, the interaction between the nanoparticles is weak
[Fig. 2(b)], and the optical response is determined by the interplay between the resonances of individual nanoparticles and the
Fabry-Pérot modes of the supporting slab. This makes the design
robust against the disorder in the array of the nanoparticles. On
the other hand, the dispersion in nanoparticle sizes is more
important in this design. The diﬀerent sizes lead to diﬀerent
cutoﬀ wavelengths [Fig. 2(d)]. Therefore, the distribution of sizes

FIG. 1. (a) Schematic view of a metasurface made of spherical nanoparticles inside a dielectric layer. The parameters of the model (radius of the nanoparticles, R, separation between nanoparticles, g, and the slab thickness, Ts , are indicated. (b) Illustration of the spectral ﬁlter based on a metasurface. (c) Parametric plot of the transmission
of a dielectric slab (Ts ¼ 200 nm, refractive index n ¼ 2:2) without nanoparticles superimposed with the absorption spectrum of a single silicon nanoparticle with
R ¼ 60 nm (solid line).
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FIG. 2. The transmission spectra of the metasurface based on an array of Si nanoparticles in a dielectric slab (R ¼ 60 nm, g ¼ 25 nm, Ts ¼ 200 nm) for (a) TE-polarized,
(b) TM-polarized light and (c) unpolarized light. (d)–(f) Transmission spectra dependence on (d) radius, R, (e) separation, g, and (f) slab thickness, Ts, at normal incidence.
The other parameters of the metamaterial are the same as in (a). The gray lines indicate the same parameters in different plots. The color scale is the same for all plots.

of the nanoparticles leads to the broadening of the ﬁltering slope.
For example, for a Gaussian distribution of sizes around 50 nm
radius, the transmission is increased in the stop band below 0.1
[Fig. 3(a)].

The small variations of the slab thickness allow eﬃcient
tuning of the spectral ﬁltering slope of the pass/stop band boundary without strongly inﬂuencing the stop band range. By decreasing the thickness of the slab, the slope of ﬁltering gradually

FIG. 3. (a) The transmission spectra of the metasurface as in Fig. 2(a) for a Gaussian distribution of the nanoparticle sizes around R ¼ 50 nm at normal incidence.
(b) Schematics of the ﬁlter with three layers of nanoparticles [cf. Fig. 1(b)]. The particles form a primitive cubic lattice with g ¼ 25 nm in both directions. (c) Transmission
spectra of the design in (b) for different angles of incidence for TM-polarized light. The slab thickness is 515 nm; all other parameters are as in Fig. 2(a).
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becomes smoother [Fig. 2(e)]. However, for signiﬁcantly diﬀerent
thicknesses of the slab, the free spectral range of the Fabry-Pérot
cavity changes, which may lead to strong changes of the transmission spectrum.
It is instructive to compare the single layered and multilayered designs of the ﬁlters, with particles forming a primitive cubic
lattice [Fig. 3(b)]. If the separation between the nanoparticles is
too large for the interaction between the resonances to be signiﬁcant and, on the other hand, too small for the photonic crystal
eﬀects to appear, the diﬀerence in the ﬁltering properties comes
from diﬀerent Fabry-Pérot resonances of the slab, whose thickness
is signiﬁcantly increased to accommodate the multilayer [Fig. 3
(c)]. The optical response of the nanoparticles is not changed for
a multilayer as it is governed by the resonances of individual
nanoparticles. The major diﬀerence is the free spectral range of
the thicker Fabry-Pérot cavity, which is smaller, therefore, the
structure exhibits another transmission line. This opens up the
possibility of using multilayered systems as an additional degree
of freedom, in expense of fabrication feasibility. Similar considerations on the disorder of actual structures hold for the other
ﬁlters discussed in this work. These results show a high degree of
ﬂexibility in the design of reliable angle-independent metasurfaces
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for low-pass ﬁltering applications by the possibility of precise
tuning in a wide spectral range.

A. Bandpass ﬁlters
Adding a shell over silicon nanoparticles leads to the spectral
shift of the excited modes which has been discussed in detail in
previously reported studies.35,36 A plasmonic shell over silicon particles excites localized surface plasmons37,38 so that the interaction
between the nanoparticles becomes stronger and plays a more complicated role in the metasurface ﬁlter response. As the result, the
stop band appears, which leads to the formation of a well deﬁned
passband in the spectral range between 600 and 800 nm [Figs. 4(a)
and 4(b)]. This hybrid plasmonic-dielectric metasurface preserves
the transmission independence of the angle of incidence for both
TM- and TE- polarizations. The ﬁeld distribution of the electric
ﬁeld inside the slab clearly shows the diﬀerences in the pass band
and the stop bands on its edges (Fig. 5). The symmetric ﬁeld distribution ensures strong transmission, while asymmetric ﬁeld distribution corresponds to the stop band when transmission is
signiﬁcantly suppressed.

FIG. 4. Transmission of a metasurface based on Si nanoparticles (core radius Rc ¼ 70 nm) coated with gold shell (Tsh ¼ 20 nm), arranged in the array with g ¼ 20 nm
in the SiN slab with Ts ¼ 300 nm for (a) TE- and (b) TM- polarized light. (c)–(f ) Transmission spectra dependence on (c) slab thickness, Ts, (d) radius of Si core, Rc , (e)
Au shell thickness, Tsh, and (f ) separation, g, at normal incidence. The other parameters of the metamaterial are the same as in (a). The gray lines indicate the same
parameters in different plots. The color scale is the same for all plots.
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FIG. 5. Electric ﬁeld distributions in
and around the ﬁlter for TM-polarized
light at the incidence angles of (a) and
(b) 0 , (c) and (d) 30 , and (e) and (f )
60 for (a), (c), (e) bandpass and (b),
(d), (f ) band-stop regimes. The metasurface parameters are as in Fig. 4(a).

The increase of the slab thickness results in a transition
from wide to narrow bandpass properties at around
Ts ¼ 300 nm [Fig. 4(c)]. At the same time, when the
core-radius, Rc , increases, the ﬁrst cutoﬀ wavelength stays
constant, while the second one redshifts, therefore, allowing
for a control of the bandwidth [Fig. 4(d)]. Using the additional degree of freedom in the core-shell nanoparticles,
the thickness of the gold shell, Tsh, can be used to revert to
a bandpass ﬁlter with the cutoﬀ in the infrared region
[Fig. 4(e)]. Finally, the distance between the core-shell

nanoparticles, aﬀecting a coupling between them, allows to
shift the transmission range toward the UV wavelengths
[Fig. 4(f )]. Overall, the eﬀect of the coupling can be seen as
the generation of two modes, one of which stays constant and
the other shifts in the deep UV range. As the nanoparticles
are further separated, the coupling becomes less important,
and the modes converge to each other.
Additionally to the considered above core-shell particles, other
multishelled designs with either dielectric or plasmonic core can be
used to achieve the required transmission characteristics.

FIG. 6. Transmission of a metasurface based on TiN nanoparticles (R ¼ 70 nm, g ¼ 25 nm) in a SiN slab with Ts ¼ 300 nm for (a) TE- and (b) TM-polarized light.
(c) Spectra of the optical density for TM-polarized light for four selected angles [highlighted in (b)]. (d)–(f ) Transmission spectra dependence on (d) radius of TiN nanoparticles, R, (e) slab thickness, Ts , and (f ) separation, g, at normal incidence. The other parameters of the metamaterial are the same as in (a). The gray lines indicate the
same parameters in different plots. The color scale is the same for all plots.
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B. Band-stop ﬁlters
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In the case of band-stop ﬁlters, the ﬁlter conﬁguration was
designed consisting of one layer of TiN nanoparticles in a SiN
slab (Fig. 6). The Fabry-Pérot resonance determines the passband
behavior and stop bands are determined by the nanoparticle resonance. TiN has been shown as a proper plasmonic ceramic with
signiﬁcant physical and chemical stability and biocompatibility.
Moreover, its high melting temperature (close to 2800  C) makes
it an appropriate candidate for high temperature applications
instead of commonly used plasmonic noble metals.39 Using TiN
particles, the omnidirectional band-stop and notch ﬁlers can be
designed and optimized [Fig. 6(a) and 6(b)]. The spectra of the
optical density, i.e., log10 (Transmission), highlight the angular
independence and sharpness of the absorption peak [Fig. 6(c)].
The transmission spectrum maintains the same ﬁltering slope for
most of the angles of incidence for the cutoﬀ wavelengths on both
sides of the stop band. The design can be adjusted to achieve the
required width of the stop band [Fig. 6(d)]. Smaller radii of TiN
nanoparticles lead to a narrower stop band with higher transmission in the pass-bands around it, at the expense of a lower suppression in the stop band. The same trade-oﬀ between the
ﬁltering quality and higher transmission in the pass-bands can be
achieved by varying the separation between the nanoparticles in
the array [Fig. 6(f )].
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III. CONCLUSION
We introduced incident-angle-independent optical metasurface ﬁlters, based on a layer of nanoparticles in a high-refractiveindex dielectric slab. We studied various examples of spectral
ﬁlters employing silicon, gold, and titanium nitride nanoparticles
in solid and core-shell realizations. The designed metastructures
exhibit a variety of transmission properties, such as low-pass and
band-pass as well as band-stop and notch ﬁltering and are resilient against disorder. In the proposed design with a low density of
the nanoparticles required to maintain high transmission, the
interaction between the nanoparticles is weak, and the ﬁlter characteristics are determined by the resonances of individual particles
and their interplay with the Fabry-Pérot modes of the slab where
the nanoparticles placed. We demonstrated that it is possible to
design ﬁlters for given cutoﬀ frequencies in a wide range of
optical wavelengths by choosing the required values of the design
parameters. The eﬀect of all the parameters of the metastructure,
such as a core radius, a thickness of a shell and a slab, and a gap
size, on the metasurface functionality in the suggested ﬁltering
regimes has been analyzed, such that one can use similar recipes
to design a metasurface ﬁlter for a speciﬁc application. The functionality of the ﬁlters is practically independent of the separation
between the nanoparticles in the array for larger distances, which
indicates robustness against variations of the periodicity of the
array in experimental realizations. At the same time, care should
be taken to limit the size distribution of nanoparticles, which
determine the sharpness of the transmission/rejection bands. The
introduced metasurface ﬁlters exhibit high ﬂexibility of the design
and can engineered based on the requirements and expected
ﬁltering properties for a wide range of applications.
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