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A B S T R A C T

For a possible implementation of high-efficiency Si-nanosphere metasurface mirrors functioning at telecom
wavelengths in future gravitational wave detectors, exact dimensional and configuration parameters of the
total system, including substrate and protective coating, have to be determined a priori. The reflectivity
of such multi-layer metasurfaces with embedded Si nanoparticles and their potential limitations need to
be investigated. Here we present the results on how the substrate and protective layer influence optical
properties and demonstrate how dimensional and material characteristics of the structure alter light reflectivity.
Additionally, we consider the impact of manufacturing imperfections, such as fluctuations of Si nanoparticle
sizes and their exact placement, on the metasurface reflectivity. Finally, we demonstrate how high reflectivity
of the system can be preserved under variations of the protective layer thickness, incident angle of light, and
its polarization.
1. Introduction

Investigations of resonant optical properties of silicon nanoparticles
have received significant attention during the last decade [1–4]. Due
to the high refractive index, silicon nanoparticles can support electric
and magnetic types of multipole resonances [5]. It is important to
note that the respective spectral positions of the electric and magnetic
multipole resonances can be controlled by specifying the particle shape,
irradiation conditions, or by arranging the nanoparticles into special
periodic structures [6–8]. In these cases, excitation of different mul-
tipole resonances and their overlap in specified spectral ranges can be
used to monitor and control the process of light scattering, including its
intensity and radiation pattern. These possibilities provide interesting
applications of silicon nanoparticles for the realization of compact
optical devices with tailored functional properties. It has been shown
that by using 2D arrays of disk-like silicon nanoparticles it is possible
to make Huygens metasurfaces [9,10]. Such metasurfaces exhibit total
transmission at resonant conditions due to interference between the
scattered fields generated by the resonant electric and magnetic dipole
moments of nanoparticles. A similar effect (full resonant transmis-
sion) can be realized in metasurfaces consisting of spherical silicon
nanoparticles [11]. The effect of full reflectance is observed when the
structure is tuned only to one of the dipole resonances [12]. Destructive
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interference between the scattered and incident light fields prevents the
beam from propagating through the structure, and so due to energy
conservation, the total light field is reflected back. Using this property
of high-reflectivity and varying the combinations of materials and
geometric parameters, the technology is improving in areas such as
wireless telecommunication, wavefront manipulation and high-quality
imaging [13–16].

Crystalline silicon has a negligibly weak light absorption in the near
infrared range. For this reason, metasurfaces of silicon nanoparticles
have been proposed for the implementation of highly efficient optical
mirrors [17]. It has been shown that periodic arrays of spherical silicon
nanoparticles can demonstrate full suppression of light transmission
and provide almost 100% reflection at the resonant electric or magnetic
dipole conditions. In recent publications [18,19] it has been shown how
an array of silicon nanospheres in a homogeneous medium can act as
a high-reflective mirror at specified wavelengths. Such mirrors have a
range of advantageous characteristics (e.g., ultra-compact, lightweight,
and robust) that make them very attractive for precision metrology
and specialized applications. In particular, these mirrors can be used
in the field of modern quantum optics as a part of an optical cavity, a
photodetector or other devices [20–22]. Moreover, their potential suit-
ability is currently being investigated as an alternative high-reflective
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coating for mirrors in next-generation interferometric gravitational
wave observatories.

With the potential laser beam operation wavelength of 1550 nm,
the cavity optics of the gravitational wave interferometers will be
made from the materials like sapphire or silicon [23,24]. The choice
of coating is still under discussion. The requirements to be fulfilled
are low optical and mechanical losses. The reflectance for different
mirrors can vary in the range of absolute to partial reflection. Current
dielectric coatings have excellent optical and extremely good mechan-
ical properties. However, the internal friction between the layers of
different amorphous oxides, in combination with the thermal noise
from each individual layer, generates one of the limiting displace-
ment noises [25–27]. Moreover, the thickness of such coatings is in
the range of 2 to 6 micrometers. We propose an alternative idea of
using a metastructure, in particular a metasurface, as a coating for
the optics in future gravitational wave detectors. The metasurface has
several advantages: The thickness of the structure is on the nanometer
scale. Moreover, high reflectance is achieved by using only one layer
of nanoparticles avoiding contact between several different material
layers and therefore promising lower mechanical loss.

This article reports on our work towards the development of silicon
nanosphere metasurface mirror at 1550 nm wavelength for poten-
tial implementation in next-generation gravitational wave detectors.
Building on our previous studies that demonstrated the absolute 100%
reflection at a single wavelength of the metasurfaces located in a
homogeneous and isotropic environment [19], in this article we in-
vestigate the influence of multi-layer inhomogeneous media, including
substrate and protective coating, on the reflective properties of the
metasurfaces. With the knowledge that the substrate material below
and a material layer in-between the nanoparticle array can change the
optical properties of the whole structure [28–32], we perform a detailed
numerical analysis of the induced effects. The proposed design of the
metasurface is taken as a periodic construction of silicon nanospheres
placed on a sapphire substrate and embedded in a protective layer (PL)
with a certain refractive index. We demonstrate that the presence of the
sapphire substrate does not deteriorate high reflection of light from the
metasurface at a fixed wavelength; however, the protective layer shifts
the parameters of perfect resonant condition and therefore, has to be
taken into account before the fabrication process. Detailed modeling
is performed to determine the optimum dimensional parameters of the
metasurface that provide high reflection of light at the wavelength of
1550 nm. Moreover, we test the robustness of the metasurface mirror
to possible imperfections (deviations in the size of nanoparticles and
their positions).

2. Model of the structure and physical description

2.1. Main parameters and configuration

The geometrical configuration of the structure is presented in Fig. 1
as an array of nanospheres placed on a sapphire substrate. The spheres
have a fixed diameter (𝐷) and are placed at equal distances from each
other (periodicity 𝑃 ). They touch the substrate only at one point and
can be embedded in an additional protective layer with thickness (ℎ).

The choice of materials is motivated by the chosen wavelength of
1550 nm of the incident light, which is considered to be a linearly po-
larized plane wave incident perpendicular to the structure. Considering
optical and mechanical properties, we selected Si as a high refractive
index material for the realization of the nanoparticle array. Note that
for Si, the absorption of infrared light at wavelengths around 1550 nm
is negligible. Sapphire was chosen as the substrate material as one
of the material candidates for use in gravitational wave detectors. In
contrast to Si, sapphire has low refractive index and therefore has
less impact on the metasurface behavior. A suitable material for the
embedding protective layer (PL) is still under discussion. However, the
necessity of using of such a layer is obvious, as the nanostructure needs
2

Fig. 1. Schematic view of silicon nanospheres forming a periodic structure (metasur-
face) on top of a sapphire substrate, embedded in a protective layer. Each nanosphere
has a fixed diameter (𝐷) and is placed with distance 𝑃 (periodicity) in 𝑥- and
𝑦-directions to the neighboring spheres. The metasurface is irradiated by a plane
monochromatic light wave under normal incidence with respect to the metasurface
plane: 𝐄0 and 𝐤 are the electric field and the wave vector, respectively.

to be shielded from any kind of damage. The minimum requirement is
that it should have minimal absorption (i.e. be relatively transparent)
for the light, and that its contribution to the mechanical noise should
be low. One of the prospective materials to be used is fused silica
with a refractive index of 1.4 at 1550 nm wavelength. In order to
implement a metasurface mirror in future gravitational wave detectors,
all of the materials of the mirror should exhibit high mechanical
quality factor. The mechanical quality factor of sapphire is higher than
109 [33]. For silicon, a significant reduction of thermo-elastic noise and
consequently a high mechanical quality factor have been demonstrated
at temperatures of 123 K and 18 K [34]. In this article, the operation
of the modeled nanostructure is considered at room temperature.

2.2. Numerical approach

The fundamental behavior of a metasurface is based on the process
of Mie-scattering [35]. The theoretical description and calculation ap-
proaches for the silicon metasurface mirror in a homogeneous PDMS
layer were discussed here [19]. In this article, we get closer to the
realistic case, where we consider Si nanoparticles on a sapphire sub-
strate embedded in an additional layer to protect the nanostructure
from mechanical damage. The theoretical interpretation of the multiple
medium model is more complicated due to the additional transmission
and reflection terms induced by the Fabry–Perot effect in the sapphire
substrate and the embedding layer, which are responsible for the
alteration of the results for the nanoparticle structure in a homogeneous
surrounding. At the same time, the physical origin of optical reflectance
is still based on Mie-scattering. To model the nanostructure and to
simulate its behavior under various geometrical and material parame-
ters, including imperfection effects, we use the commercial simulation
software COMSOL Multiphysics. The computational process is based on
the finite element method, which allows for analysis of the system with
multiple modifications. The configuration, size, material parameters
and irradiation conditions used in numerical simulations are indicated
in this subsection and 2.1. Parameters for imperfection simulations are
provided in the following Section 3.2.

First of all, we investigate the array of Si nanoparticles (refractive
index 𝑛Si = 3.48) located in air and placed on a sapphire substrate
(𝑛sub = 1.75). Secondly, we study the case when this nanoparticle array
is embedded in a protective layer (refractive index 𝑛PL = 1.4) with the
thickness equal to the nanoparticle diameter. Fig. 2 shows the inten-
sity reflection coefficients calculated as a function of the nanoparticle
diameter (𝐷) and the array periodicity (𝑃 ) for both cases and for a
normal incident plane wave with the wavelength of 1550 nm. The
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Fig. 2. Intensity reflection coefficients of metasurface calculated as a function of the nanoparticle diameter (𝐷) and its periodicity (𝑃 ). (a) Si spheres are placed on a sapphire
substrate without a protective layer. (b) Si spheres are placed on a sapphire substrate and embedded in a protective layer with the refractive index 𝑛PL = 1.4. The structure is
irradiated by a plane monochromatic wave at normal angle of incidence. The marked points M’×, M× and E× indicate the parameters (𝐷, 𝑃 ) for the structures discussed in the
text below.
Fig. 3. Color map of (a) magnetic field distribution for M× point with 𝐷 = 468nm; 𝑃 = 750nm and (b) electric displacement field for E× point with 𝐷 = 540nm; 𝑃 = 874nm,
normalized at the values of the magnetic H0 and electric E0 fields of the incident plane wave, respectively. Direction and magnitude of the electric current densities are shown by
black arrows in both images.
maximum value of the period variation should be smaller than 885 nm
(𝜆∕𝑛sub) to exclude diffraction effects into the sapphire substrate [36].
The dark red zone corresponds to a reflection of almost 100%. From
a comparison of the results in Fig. 2a and Fig. 2b, it can be seen that
the inclusion of the protective layer leads only to a shift of the zone
with maximum (∼ 100%) reflection (dark red areas) with regard to the
design parameters (diameter and periodicity).

To elucidate the physical cause of almost ideal reflection, let us
consider the field distributions in metasurface nanoparticles for cases
when the reflection coefficient approaches 1. Fig. 3 presents the mag-
netic (a) and electric (b) fields inside Si nanoparticles calculated for the
parameters corresponding to the marked points M× and E× in Fig. 2b,
respectively. For the point M×, the strong magnetic field is generated
at the center of the Si nanoparticles (Fig. 3a), while for the other point
E×, we observe at the center the strong electric displacement field
(Fig. 3b). Note that such field distributions correspond to the magnetic
and electric dipole resonant responses [37], respectively. Thus, we can
conclude that almost ideal reflection is realized due to the resonant
excitation of magnetic or electric dipole moments of Si nanoparticles.
At these conditions every nanoparticle of the metasurface generates
strong secondary waves which destructively interfere with incident
waves in the transmission direction resulting in the suppression of total
transmission and the realization of a perfect metamirror.

It is important to note that in the case of a homogeneous environ-
ment, perfect reflection can also be obtained due to resonant excitation
of a certain multipole moment of metasurface nanoparticles (a detailed
discussion of this question may be found elsewhere [38]). In our pre-
vious paper [19], the perfect reflection effect in the framework of the
coupled dipole approximation (CDA) has been theoretically proven. In
the CDA approach the reflection 𝑅 and transmission 𝑇 coefficients of a
metasurface located in a homogeneous medium and composed of dipole
3

nanospheres are determined by the nanosphere effective magnetic 𝛼eff𝑚
and electric 𝛼eff𝑝 dipole polarizabilities [39]

𝑅 =
𝑘2𝑑
4𝑆2

𝐿

(

[Re(𝛼eff𝑝 ) − Re(𝛼eff𝑚 )]2 + [Im(𝛼eff𝑝 ) − Im(𝛼eff𝑚 )]2
)

, (1)

𝑇 =
(

1 −
𝑘𝑑
2𝑆𝐿

[Im(𝛼eff𝑝 ) + Im(𝛼eff𝑚 )]
)2

+
𝑘2𝑑
4𝑆2

𝐿

[Re(𝛼eff𝑝 ) − Re(𝛼eff𝑚 )]2 , (2)

where 𝑘𝑑 is the wave number in the surrounding medium, 𝑆𝐿 = 𝑃 2 is
the elementary cell area defined as a square of periodicity. In [18,19],
using Eqs. (1) and (2), it has been demonstrated that perfect reflection
can be reached at the electric or magnetic dipole resonances.

The presence of the sapphire substrate and the protective layer do
not prevent the realization of perfect reflection due to the magnetic or
electric dipole resonances of Si nanospheres. The existence of the sap-
phire substrate results in modification of the dimensional parameters
(compared to the case of a homogeneous environment) corresponding
to ideal reflection. A more thorough analysis of a multi-layer medium
with different refractive indices will be considered in the next section.

3. Results and discussion

3.1. Substrate and embedding layer impact

First, we consider a model when the particles are located in air and
placed on dielectric substrates with different refractive indices (RI). At
the condition of the magnetic dipole resonance marked as the point
M’× in Fig. 2a, the changes of the substrate RI within the range from
1.65 to 1.85 do not affect the optimal metasurface period for perfect
reflection (Fig. 4a). Substrates with higher refractive indices are not
considered in this paper in order to exclude a discussion of diffraction
effects introduced by the substrate material.
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Fig. 4. (a) Influence of the substrate refractive index on the reflectivity of the metamirror. The diameter of nanoparticles is fixed at 𝐷 = 468nm (marked as M’× in Fig. 2a). (b)

he dependence of power reflection coefficients on the periodicity for different refractive indices of the protective layer (PL) for the nanoparticle diameter 𝐷 = 540nm. The left
and right peaks correspond to the magnetic and electric resonances, correspondingly (the latter is labeled as E× in Fig. 2b).
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Fig. 5. Influence of the environment on the metamirror reflection for the fixed
nanoparticle diameter 𝐷 = 540nm: nanoparticles in air (purple), placed on a sapphire
substrate (green), and additionally embedded in a protective layer with refractive index
𝑛PL = 1.4 (red).

When the particles are placed on a sapphire substrate (𝑛sub = 1.75)
and additionally embedded in a protective layer, the sets of dimensional
parameters like nanoparticle diameter and periodicity required for the
realization of high reflectivity tend to be altered (see Fig. 2b). The
magnetic dipole resonance is less affected by presence of the protective
layer (see the perfect reflection around 𝑃 = 670nm in Fig. 4b),
since in this case the strong magnetic field is confined inside the
nanoparticles. Conversely, the electric dipole resonance depends higher
on the refractive index of the surrounding material, due to the strong
electric near-field interaction in the metasurface. For periodicity around
𝑃 = 850nm in Fig. 4b, one can see that the peak of the electric dipole
resonance is strongly shifted to lower periodicity for higher refractive
index of the protective layer, because with increasing refractive index
the distance between the nanospheres providing the same interaction
force is decreased.

Comparison of reflectances for metasurfaces in three different en-
vironments is shown in Fig. 5. The configuration when an array of
silicon nanoparticles is placed on a sapphire substrate and enclosed
in a protective layer (red line) has two peaks corresponding to perfect
reflection. The right peak at the periodicity of 874 nm is formed by the
excitation of electric dipole moment. It appears due to the strong shift
of the electric dipole resonance when the protective layer is included.
The left peak corresponds to the magnetic dipole resonance and ob-
served also in the configurations when the environment is simplified
to a homogeneous medium, like air, or nanospheres are placed on a
4

sapphire substrate without a protective layer.
3.2. Analysis of imperfections

The computational accuracy allows to define how precise we can
estimate the optical properties and their changes due to configuration
or parameter uncertainties related to the fabrication of the metasurface
and other devices [40]. The accuracy of the conducted simulations
reaches 10−5 using a mathematical approach called Perfectly Matched
Layer (PML). The PML boundary condition allows to avoid back re-
flection from the computational boundary of the model and not to
interfere with the originally scattered field. Therefore, the limiting
computational error is related to the model discretization that depends
on the computational time and resources.

The fabricated metasurface will not consist of perfectly identical
nanoparticles separated at perfectly identical distance from each other.
Such parameters as the diameter and periodicity can fluctuate in a
certain range defined by the accuracy and precision of the fabrication
technology. To estimate the intensity reflection changes in case of
imperfections, we explicitly consider elementary cells with 2×2 = 4 and
3 × 3 = 9 nanoparticles and randomize their parameters around corre-
sponding perfect values in the simulation of the metasurface reflection
properties (see Fig. 6a,b). We consider the case of perfect reflection
at the following parameters (𝐷 = 476nm, 𝑃 = 730nm) of the infinite

etasurface structure on a sapphire substrate embedded in a protective
ayer with the refractive index 𝑛PL = 1.4 (Fig. 2b). These parameters
re chosen to provide a relatively broadband mirror performance,
xpected from a broad red zone of high reflection in Fig. 2b. Moreover,
he distance between the nanoparticles is large enough to avoid their
ontact. That makes this set of parameters feasible in the fabrication
rocess.

We conducted 100 simulations for different random configurations
nd calculated the mean value of the reflection coefficients. The stan-
ard errors of the mean for all solutions are also presented in Fig. 6.
he fluctuations of nanoparticle diameters (Fig. 6a) decrease the mean
alue of the reflection coefficient more significantly than the fluctua-
ions of periodicity (Fig. 6b). When diameters differ from the perfect
alue by less than 6%, the structure can still be considered as a
ighly-efficient mirror.

The metasurface is embedded in a thin layer to protect the structure
gainst possible damage and impurities. However, the thickness of the
rotective layer may also have fluctuations. Driven by the question if
he accuracy of the layer deposition would be relevant in future exper-
ments, we analyzed changes of the intensity reflection coefficients for
ifferent protective layer thicknesses considering two cases presented
n Fig. 7. The red curve corresponds to the resonant excitation of
lectric dipole moments (𝐷 = 540nm; 𝑃 = 874nm). The blue curve
orresponds to the magnetic resonant response (𝐷 = 480nm; 𝑃 =
722nm). The dimensional parameters of Si nanospheres in both cases
are taken at the conditions of perfect reflection when the thickness of
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Fig. 6. The influence of (a) nanoparticle diameter fluctuations and (b) periodicity fluctuations on the mean value of power reflection coefficient. We consider the case of perfect
reflection at the following parameters (𝐷 = 476nm, 𝑃 = 730nm) of the infinite metasurface structure located on a substrate and embedded in a protective layer. Refractive indices
of the substrate and protective layer are 𝑛sub = 1.75 and 𝑛PL = 1.4, respectively.
ct
Fig. 7. Power reflection coefficients of metasurface calculated as a function of the
protective layer thickness, normalized to the value of the nanoparticle diameter (h/D).
The simulations are run at the conditions of magnetic and electric dipole resonances.

Fig. 8. Tolerable angle of incidence 𝜃 of the light beam for different polarization
angles 𝜑: 𝜑 = 0◦ (𝜑 = 90◦) corresponds to s- (p-) polarization of the electric field. The
parameters of metasurface: 𝐷 = 468nm, 𝑃 = 750nm. Refractive index of the substrate
𝑛sub = 1.75, of the protective layer 𝑛PL = 1.4.

the protective layer is equal to the nanoparticle diameter. Fluctuations
in the layer thickness does not significantly decrease the intensity
reflection. When the layer thickness is smaller than the nanoparticle
diameter, the electric dipole moments change and a reduction of reflec-
tivity is observed, since near-field interactions between electric dipole
moments are sensitive to the surrounding medium. The magnetic dipole
resonance is less sensitive due to the localization of the electric field
inside the nanoparticles.

We consider now the case of a slightly oblique incidence of light on
the metasurface and introduce in addition a polarization angle 𝜑. Here
the angle 𝜑 = 0◦ (𝜑 = 90◦) corresponds to s-polarized (p-polarized) light
with 𝐄 perpendicular (parallel) to the plane of incidence (𝑦𝑧-plane in
5

0

Fig. 1). The dependence of the intensity reflection coefficient on the
angle of incidence and the polarization angle are illustrated in Fig. 8.
The investigated point is chosen for the magnetic dipole resonance
(𝐷 = 468nm, 𝑃 = 750nm) marked as M× in Fig. 2b. The metasurface
remains highly-reflective for all polarizations of the electric field if the
angle of incidence is less than 4◦. Note, that for the s-polarization the
reflection remains higher than 0.999 up to 20◦.

4. Conclusion

This article reports on our ongoing work towards the realization of
a highly efficient silicon nanosphere metasurface mirror. The metasur-
face consists of silicon nanoparticles located on a sapphire substrate
and embedded in a protective layer. It has been demonstrated that the
optical behavior of the metasurface mirror can be described by resonant
excitation of electric and magnetic dipole moments. While the substrate
does not noticeably affect the metasurface reflectivity, the presence of
a protective layer requires adjustment of the size parameters (diam-
eter and periodicity) of Si nanospheres at which perfect reflection is
realized. Taking into account the role of possible metasurface imperfec-
tions, it has been found that fluctuations in the nanoparticle diameter
have larger influence on the metasurface reflection compared to fluc-
tuations in periodicity. If the diameter fluctuations are larger than 6%
of the ideal value, the mirror effect may be significantly reduced. It
has been demonstrated that the uncertainties in the thickness of the
protective layer are not critical for the realization of a perfect mirror.
As a final step, deviations in the angle of incidence were considered,
showing that the ideal reflection is maintained at normal incidence and
at angles of incidence less than 4 degrees for all polarization directions
of the incident electric field.
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