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Abstract: Many experiments in modern quantum optics require the implementation of
lightweight and near-perfect reflectors for noise reduction and high sensitivity. Another important
application of low mass and high reflectivity mirrors is related to the development of solar or
laser-driven light sails for acceleration of ultra-light spacecrafts to relativistic velocities. Here,
we present numerical results and theoretical analysis of a metasurface mirror consisting of
periodically arranged silicon nanospheres embedded in a polymer. In the absence of material
losses or disorder, this mirror demonstrates absolute 100% reflection at a single wavelength, which
can be tuned by changing nanosphere dimensions or periodicity (for example, by mechanical
stretching). We show that high reflectivity can be reached due to electric or magnetic dipole
resonant responses of Si nanoparticles in the metasurface. Dependence of mirror reflectivity
on surrounding conditions, nanoparticle sizes, and the disorder in the array is studied and
discussed. The optimization and simulation procedures presented in this work can be used for the
development of other optical devices with functional characteristics determined by the resonant
interaction of light with metasurfaces made of nanospheres.

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

1. Introduction

The growing interest in the ability to create small sensitive detectors of weak mechanical forces
and vibrations has stimulated investigations in the fields of optomechanical sensors, cavity
optomechanics, and quantum noise reduction devices [1,2]. One of the main optical components
in such systems is a low mass and high reflectivity mirror which can be used as a suspended
mirror in optical resonators and interferometers. Low mass and high reflectivity mirrors are also
required for the realization of solar or laser-driven light sails for acceleration of nano-satellites to
relativistic velocities and their exploratory missions to nearby stars and exoplanets [3-5].

For the design and fabrication of such mirrors different optical configurations and materials
have been investigated during the last years. One of the approaches in the field of optomechanics
is related to the application of artificial metamaterials [6] composed of specially designed
building blocks (meta-atoms) determining optical and mechanical properties of the total system
and its functional characteristics. In contrast to three-dimensional (3D) metamaterials, which
are used for control and manipulation of light in spectral, spatial, and temporal domains,
two-dimensional (2D) single layer artificial structures, called metasurfaces, provide unique
possibilities for light management and control at the subwavelength scale. In this case, strong
light-matter interaction is reached due to resonant optical responses of meta-atoms building
the metasurface [7]. For minimisation of light absorption in artificial structures, dielectric
high-refractive index nanoparticles are used as building blocks, for example, crystalline silicon
nanoparticles with negligibly small absorption in near-infrared. Due to the high refractive index
(ns; = 3.56 at 1 = 1064 nm), the sizes of Si nanoparticles supporting the optical resonant
response can be ng;-times smaller than the free-space wavelength of light [8]. All these properties
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of silicon nanoparticles make them very promising candidates for the development of ultra-thin
metasurfaces with different optical functionalities [9,10].

In this article, we suggest a straightforward design and numerical optimization procedure for a
low mass mirror based on the spherical nanoparticle structure that allows to achieve extremely
high incident-light reflectivity. This mirror is specially designed for optomechanical applications
and the detection of weak physical forces. Note that the same metasurface mirror concept can
be used for the realization of light sails. For practical realization of low mass, high reflectivity
metasurface mirrors, laser printing of Si nanoparticles is discussed as a promising technology.

The proposed mirror consists of silicon nanoparticles arranged in a 2D subwavelength periodic
array embedded in a polymer elastomer layer of polydimethylsiloxane (PDMS). The size of
the particles and the distance between them are optimized to achieve maximum reflectivity of
the normally incident plane-wave at the near-infrared wavelength of 1064 nm. In this spectral
range, silicon and PDMS exhibit negligibly low absorption which allows to use this mirror in
experiments where light-induced material heating is undesirable [11,12]. Our metasurface design
with only a single layer of nanoparticles allows realization of a thin and lightweight mirror, which
is beneficial over multilayer mirrors usually implemented in mechanical resonators [13,14].

The reflection and transmission of the metasurface is analyzed in the framework of excited
nanoparticle multipole resonances [15]. It is important to note that the suppression of light
transmission is not related to the light absorption, but rather to the destructive interference
between incident and resonantly scattered light in the forward direction. Dielectric nanospheres
support Mie resonances corresponding to the excitation of their different multipole moments.
As will be shown in this article, resonant electric or magnetic dipole scattering can completely
cancel the transmission and provide the near-unity reflection for the light at the target wavelength
of 1064 nm. How to reach high reflectivity in all-dielectric metamaterial structures has recently
been investigated using the effective medium approach (EMA) [16]. In our work we apply a
completely different approach, namely direct multipole analysis, which provides an intuitive
understanding, a rather good match to the simulations, and simplifies the design optimization for
the desired wavelength.

The modelling approach presented in this work is based on full-wave numerical simulations
and semi-analytical calculations developed in the framework of the coupled dipole approximation
[10]. We show that by tuning the array periodicity, it is always possible to get a near-unity
reflectance at a desired light wavelength for any particle diameter within a reasonable range. An
estimate of the metasurface mirror robustness to possible imperfections in terms of deviations
of nanoparticle sizes and their positions is obtained by numerical simulations. The simulated
perfect reflection and suppressed transmission effect by our metasurface mirror agrees well with
the coupled dipole model.

In the sections below, basic parameters of the considered mirror system and applied calculation
approaches are discussed. Then, the obtained results are demonstrated and analysed. Finally, a
short summary of our research is given.

2. Physical model and calculation methods
2.1. Physical system and parameters

Schematic presentation of metasurface considered in this paper is shown in Fig. 1. A periodic
2D array of spherical silicon nanoparticles is placed in a surrounding dielectric matrix with
the refractive index ng. The light beam, considered as a monochromatic plane wave with
linear polarization, is normally incident along the z-axis of the Cartesian coordinate system
illuminating all nanoparticles in the metasurface. The electric field of the incident wave is
E = (E,,0,0) exp (ikqz — iwt), where kq is the wave number in the surrounding matrix, w is the
angular frequency. In the following, the time dependence exp(—iwt) will be omitted. In our
investigations we consider three different surrounding conditions: i) the array is placed in an



Research Article Vol. 10, No. 10/1 October 2020/ Optical Materials Express 2708

OPLCAIEEAISIEXPRES S

infinite surrounding PDMS matrix with ng = 1.45; ii) the surrounding PDMS matrix occupies
only semi-infinite space with the other half-space being air; iii) the nanoparticle array is placed
inside a finite size PDMS membrane suspended in air. The refractive index of silicon in the
considered near-infrared region (around the target wavelength of 1064 nm) is assumed to be
constant ng; = 3.56 without any absorption losses [17]. All wavelengths correspond to free space.

Fig. 1. Schematic view of the considered metasurface, composed of nanospheres, arranged
in a square lattice, and definition of basic parameters. The metasurface is irradiated by a
plane monochromatic light wave at normal incidence.

2.2. Calculation approaches

In our numerical simulations, the total electric fields and corresponding reflection and transmission
spectra in the considered system with spherical nanoparticles, building an infinite-size metasurface,
and embedded in a PDMS matrix, are calculated using the finite element method, implemented
in the commercial software COMSOL Multiphysics.

For analytical calculations, the coupled dipole approximation (CDA) with the inclusion of
only electric and magnetic dipoles is used. Details of this approach are presented elsewhere [10].
Briefly, every particle in the array is considered as a combination of point electric and magnetic
dipoles, located at the particle’s center. The electric p; and magnetic m; dipole moments of the
Jj-th particle in the array are determined by the following equations

P = apKEiqc , m; = a,Hioc ()

where Ejo. and Hj, are the local electric and magnetic fields, respectively, acting on the particle,
including fields of the incident external wave and fields generated by all other particles in the
array. The dipole polarizabilities «, and @, of a spherical particle can be found from Mie theory
[18]. In our case we can write [10]

brepeq XY b
ap =i———aj, am=Ii—7by,
P 3 m 3
ky kg
where 7 is the imaginary unit, &y and &g = nﬁ are the vacuum dielectric constant and the
relative dielectric constant of the surrounding matrix, a; and b; are the corresponding scattering
coeflicients [18].
Due to the periodicity of the geometry and the external field, all particles in the array have the
same electric and magnetic dipole moments. In this case the field reflection r and transmission ¢
coefficients are determined only by the elementary cell area S; = P? containing one particle, the

incident light wavelength, and the effective electric a;’ff and magnetic o dipole polarizabilities
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ikq
r= 25, [a/;ff -t | )
t=l+ik—d [ + o] . (3)
AV "

The above equations are applicable when the array periods are smaller than the light wavelength
in the surrounding matrix and, therefore, light diffraction is absent [10]. It should be noted that
when the particle size becomes large, such that higher-order multipole moments are no longer
negligible, or when higher accuracy is required, one should include higher-order terms into the
above equations [19]. The effective particle polarizabilities are determined by the single particle
dipole polarizabilities and interparticle electromagnetic interactions:

-1 -1
1
o = (% _ S,,) . o (a_ - Sm) i )

where S, and S,, are the lattice dipole sums for electric-electric dipole and magnetic-magnetic
dipole interactions, respectively. For arrays with a square elementary cell, S, = S, (analytical
expressions for S, and S, can be found, for example, in [19]).

The intensity reflection R and transmission 7 coefficients are determined as

R=|r% T = |t)> %)

As follows from Egs. (3) and (5), the necessary (but not sufficient) condition for 7 — 0 is given
by
Re(as") = —Re(ag). (6)

When a;ff = f,{f, the lattice Kerker effect is realized [10,20] and, as follows from Eq. (2), the
reflection is absent.

3. Results and discussion
3.1. Basic configurations

The final goal of our investigations is the realization of a metasurface mirror with strong reflection
at a certain incident wavelength 4 = 1064 nm (in vacuum), chosen due to the availability of
powerful and ultra-stable lasers at this wavelength. Using facilities of COMSOL Multiphysics,
the intensity reflection and transmission coefficients for infinite Si-nanoparticle arrays embedded
in surrounding PDMS (nq = 1.45) are calculated as a function of the particle diameter D and the
array period P (the array geometry is shown in Fig. 1). Results of the full-wave simulations are
demonstrated in Fig. 2.

In Fig. 2(a) one can see that the reflection coefficient R can approach unity for almost any
particle diameter D, when the array period P is optimum. Since there are no absorption losses in
the system, meaning R + T = 1, the proximity of R to 1 can be derived from the proximity of T to
0. Moreover, the absence of losses allows reaching absolute 0 and 1 for R and T at the desired
wavelength (Fig. 2).

Even though the system is quite simple (dielectric spheres, arranged in a square lattice), it
allows different operation regimes, among which we highlighted two [see circles in Fig. 2(a,b) and
corresponding spectra in Fig. 2(c)]. When the particle diameter is D = 248 nm and periodicity
P = 719 nm (point #1), there is a close spectral proximity between suppressed reflection
and suppressed transmission. Therefore, one can exploit such a configuration for modulation
applications, for example, by stretching the array, heating it, or changing the incident wavelength.
Another interesting point (point #2) is selected where the change of the sphere diameter does not
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Fig. 2. (a) Reflection and (b) transmission coefficients of metasurfaces calculated as a
function of the particle diameter and the array period. The surrounding matrix is PDMS
with the refractive index 1.45. Irradiation conditions are the same as shown in Fig. 1, with
the free-space wavelength of 1064 nm. Note hybrid colormap scale, used to enhance the
perception of values near zero and 1. (c) Reflection and transmission spectra of metasurfaces
for two selected sets of parameters (P and D), particularly promising for modulation (black,
point #1), broadband reflector (red, point #2).

influence the reflection and transmission. It appeared that for this configuration our metasurface
behaves as a broadband near-perfect reflector.

Even though broadband operation (point #2) could be advantageous for our goal, the realistic
fabrication of such structures might be extremely difficult due to the proximity of particle diameter
to the periodicity. Therefore, we have chosen realistic configurations with a particle diameter of
D =290 nm and two array periodicities: P = 602 nm and P = 686 nm, both featuring complete
reflection at the free-space wavelength of 1064 nm (Fig. 3).

In order to clarify physical mechanisms responsible for such high reflection, we apply the CDA
described above. The silicon nanoparticles in metasurface arrays are considered as point electric
and magnetic dipoles with moments defined by the corresponding polarizabilities. In Fig. 3, the
reflection and transmission spectra calculated by analytical and numerical methods are presented.
One can see that the CDA provides reasonably good agreement in the reflection and transmission
spectra with the numerical simulations. In both cases, high reflection is reached at the same
wavelength of 1064 nm. In the CDA the reflection and transmission coefficients [Eqs. (2) and (3)]
are determined by the effective polarizabilities [Eq. (4)]. Their spectral behaviour is shown in
Fig. 4. For the period P = 602 nm [see Fig. 4(a)], the magnetic dipole effective polarizability
oS has a broad resonance at the wavelength 1 ~ 1075 nm. As a result, o gives the main
contribution into the coefficients r and ¢ and is responsible for the transmission suppression. The
non-resonant contribution of azﬁ only provides an additional small spectral tuning of the reflection
maximum to 4 = 1064 nm, owing to the necessary condition of Eq. (6). For better visualization,
the Re(ag™) is plotted with a negative sign, and the crossing with Re(a<™), highlighted with a
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Fig. 3. Comparison between the coupled dipole approximation (CDA) and full-wave
numerical simulations, applied to calculate the reflection and transmission spectra for the
metasurface with diameter of silicon nanospheres D = 290 nm and periodicity (a) P = 602
nm and (b) P = 686 nm. Irradiation conditions are shown in Fig. 1.

green circle in Fig. 4(a), indicates where this condition is satisfied. It should be noted that the
condition of Eq. (6) is also satisfied in another point (at 4 ~ 1025 nm), but there is no total
suppression of the transmission at this point, because, as mentioned before, the condition of
Eq. (6) is not sufficient.
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Fig. 4. Effective electric and magnetic dipole polarizabilities, calculated using the coupled
dipole approximation for the metasurface arrays with the periods (a) P = 602 nm and (b)
P = 686 nm, assuming the nanoparticle diameter D = 290 nm. Green circles indicate the
points, where the condition for the complete suppression of transmission [Eq. (6)] is fulfilled.

For the larger period P = 686 nm [see Fig. 4(b)], the electric dipole effective polarizability aﬁff
has a resonance at 4 ~ 1055 nm and provides the main contribution into the reflection, whereas
the non-resonant contribution of ¢ slightly corrects the spectral position of the reflection
maximum according to the condition of Eq. (6). The green circle in Fig. 3(b) indicates where
Re(a';ﬂ) = —Re(etM). Thus, both magnetic and electric dipole moments, being resonantly
excited, can be responsible for the total suppression of the transmission through the metasurfaces.
Moreover, each region with the suppressed transmission in Fig. 2(b) can be associated to either
electric or magnetic dipole near-resonant excitation. When these two curves are expected to
cross (at D ~ 260 nm and P = 710 nm), the perfect reflection is lost and replaced with the perfect
transmission. Explanation of this reflection suppression follows from the lattice Kerker effect
[10,20]: when the effective electric and magnetic dipole polarizabilities of nanoparticles are
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equal to each other, the reflection is significantly suppressed, because every nanoparticle in the
array does not scatter the incident wave into the backward direction [21]. Directly it can be seen
from Eq. (2): when a';ﬂ = afnﬁ, the reflection coefficient » = 0. Note that, despite transparency of
the metasurface, the polarizabilities of each particle is not zero in this case, but rather resonant,
which could be beneficial for non-invasive sensing or non-linear optical applications.

So far we considered that the metasurfaces are embedded in an infinite homogeneous medium
(PDMS) with the refractive index of 1.45. However, the near-unity reflection can be also realized
when the PDMS surrounding is limited from one or both sides (Fig. 5). Similar to a homogeneous
environment (Fig. 2), strong reflection is realized for certain values of the nanoparticle diameter
and the array period. Due to the high refractive index contrast of particles relative to the PDMS
and air, the partial substitution of PDMS with air does not significantly influence the reflection
and transmission, which can be compensated by slightly changing the periodicity of the array
in order to reach perfect reflection at 1064 nm. Thus, our perfect metasurface mirror can be
extremely lightweight, when Si nanospheres are embedded in thin PDMS membrane [Fig. 5(b)].
When the mirror of the same weight is realized as a silver mirror, its thickness is as low as 30 nm.
Since this is close to the skin depth of silver (which is ~ 24 nm at the wavelength of 1064 nm),
the expected reflectivity of such mirror is only ~ 95%.
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Fig. 5. Reflection and transmission coefficients of metasurface arrays, embedded in PDMS
(a) semi-infinite space at different depths H and (b) membrane of finite thickness 7' (see
inserts) as a function of periodicity. All nanoparticles have the same diameter of 290 nm.
Irradiation conditions are shown in Fig. 1 and the vacuum wavelength of incident light is
1064 nm.

3.2. Influence of imperfections

In real experimental situations arrays of nanoparticles include some structural imperfections
related to deviations of the particle sizes and their positions from certain average values. In
order to investigate the sensitivity of the reflection coefficient to this type of imperfections we
simulate reflection from the infinite metasurface arrays with an elementary cell containing four
nanoparicles (Fig. 6). The sizes of the nanoparticles can randomly deviate from the average
diameter D = 290 nm [Fig. 6(a)]. Additionally, the positions of the nanoparticles in the cell can
also randomly deviate from the positions corresponding to perfect periodicity in an ideal array
[Fig. 6(b)].
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Fig. 6. Schematic presentation of the considered metasurface imperfections. Single
elementary cell of periodic arrays with deviations of (a) particle sizes and (b) particle
positions from perfect values.

To estimate the decrease in reflectivity, the metasurface structure with an elementary cell con-
sisting of 4 nanoparticles was modelled and simulated using the software COMSOL Multiphysics
in combination with Java code. The implementation of two programs allowed to generate random
geometry and accumulate the required statistics. Our simulations show that for the maximal
random deviation AD = 5 nm from the diameter D = 290 nm the average value of the reflection
coeflicient R is equal to 0.9831 which corresponds to a 1.7% deviation from the ideal case. The
random position deviations lead to a reduction of the reflection coefficient which is strongly
dependent on the value of the maximum deviation. If the maximum position deviation is 20 nm
(3.3% of the period of the ideal array) the reflection coefficient is reduced by 1.5% from the ideal

8 6 4

X (fim)

Fig. 7. Strong reflection effect for a Gaussian beam impinging on the finite-size Si
nanoparticle metasurface. (a) Intensity of the total electric and (b) magnetic fields calculated
in the framework of the CDA [10]. The Gaussian beam (radius of waist is 5 yum ) propagates
along the z-axis with E-polarization along the x-axis. Position of the metasurface is
schematically shown by the blue blocks in (a) and (b). Insert picture demonstrates the
nanoparticle structure, and the region inside the red circle is irradiated by the light beam.
Parameters: 4 = 1064 nm; ng = 1.45; P = 600 nm; D = 290 nm.
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case. However, increasing the maximum deviation up to 6.7% from the period of the ideal array,
the reflection coeflicient decreases by 18%.

The obtained results and additional simulations carried out in the CDA for a finite-size
metasurface structure are shown in Fig. 7. They demonstrate good practical potential of the
silicon nanoparticle arrays for the development of ultra-thin and ultra-low mass optical mirrors
for optomechanical applications.

4. Practical realization

For practical realization of metasurface mirrors made of Si nanospheres, we plan to apply laser
printing technology [22] schematically illustrated in Fig. 8. By illumination of a 50 nm crystalline
Si donor layer coated on a glass substrate with a single tightly-focused Gaussian femtosecond
laser pulse, absorption in the Si layer leads to ultrafast heating and local melting of this layer. At
sufficiently high laser pulse energies, the 50 nm Si layer melts completely, forming a nanodroplet,
induced by the surface tension. This nanodroplet formation is accompanied by the motion
of its centre-of-mass, driving this droplet towards the PDMS layer on the receiver substrate.
During the flight and later contact with the receiver substrate, the nanodroplet will be cooled
down and crystallized in the form of spherical nanoparticles. One can vary the nanoparticle
diameter by simply changing the laser pulse energy [22]. Due to our preliminary experiments
we know that laser printed nanoparticles will be embedded in the PDMS layer. The described
process will be performed in air at atmospheric pressure and the distance between the receiver
and donor substrates will be set at approximately 10 micrometers. After all nanoparticles are
printed, the PDMS layer with the laser printed nanoparticles will be detached from the glass
substrate, producing the desired stretchable membrane, acting as a low mass and high reflectivity
metasurface mirror.

Donor glass substrate Tightly focused
fs laser pulse

Silicon donor layer Silicon nanoparticle

Glass substrate PDMS reciver layer

Fig. 8. Schematic illustration of femtosecond laser printing of Si nanoparticles. A 50 nm
crystalline Si layer on donor glass substrate wafer is used as a target (irradiated by single
laser pulses) to generate and transfer spherical Si nanoparticles onto the PDMS layer.

For fabrication of large mirror arrays, the Si donor layer can be lithographically pre-patterned
in the form of periodic circular islands at the required distance between them. In this case many
such islands can be melted and transferred by a single laser pulse. This technique has been tested
and described in our previous publications [23,24].



Research Article Vol. 10, No. 10/1 October 2020/ Optical Materials Express 2715

7 e

dlS EXPRESS

5. Conclusion

In this paper, numerical and analytical calculation methods have been applied for investigations
of reflection properties of 2D metasurface arrays, composed of spherical silicon nanoparticles,
arranged in a square lattice. Using numerical simulations we have found certain particle sizes
and array periods, for which a near-unity reflectivity is achieved for the target near-infrared light
wavelength of 1064 nm. It has been shown that the optical response of our metasurface mirror is
only weakly influenced by the surrounding conditions, and this influence can be compensated by
small adjustments of the periodicity in order to reach perfect reflection at the target wavelength.
This allows for realization of perfect and extremely lightweight metasurface mirrors in the form of
Si nanoparticles embedded into a polymer membrane. The optical response of the metasurface is
explained with analytical coupled dipole approximation, whose results agree well with numerical
simulations. Finally, we complited our study by checking the robustness of the real metasurface
to possible disorder in terms of random variation in particle size and position.

These mirrors can also be applied as solar or laser-driven light sails for acceleration of
ultra-light space craft to relativistic velocities. Practical realization of such metasurface mirrors
by laser printing of Si nanoparticles [22] has been discussed.
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