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Abstract. An uncommon double-ray scenario of light resonant scattering by a
periodic metasurface is proposed to provide strong non-specular reflection. The
metasurface is constructed as an array of silicon nanodisks placed on thin silica-on-
metal substrate. A low-lossy non-specular resonant reflection for any direction and any
polarization of incident wave is revealed by a numerical simulation of light scattering.
The conditions for the implementation of an autocollimation scheme of scattering and
the observation of non-specular reflected ray that does not lie in the incidence plane
are worked out. It is shown that the change of dielectric substrate thickness may
be applied to set the width of frequency band of non-specular reflection. The light
intensity related to the specular and non-specular reflected ray can be controlled by
changing the angle of incidence or by the polarization of incident wave.
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1. Introduction

A flat metallic mirror is a simple outstanding optical device being used since ancient
times [1], which is capable of changing sharply the direction of light rays or returning
them back at the normal incidence over an extensive spectral bandwidth. A metallic flat
mirror reflects the incident light in the specular direction with an only small decrease
in its intensity. Near the surface of the mirror, the field distribution has close to zero
an electrical tangential component and a double magnetic one in a comparison with a
field of incident wave.

Today, photonics requires mirrors with specific reflection selectivity depending on
the light wavelength, both in amplitude and phase. The phase spatial variation along
the reflection surface is provided in order to manipulate, redirect and concentrate light
energy. Metasurfaces open prospects to create such specific reflectors [2].
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Modern optics technologies give the opportunity to produce resonant non-specular
and selectively reflecting metasurfaces. A reflecting metasurface is usually a planar
double periodic subwavelength patterned metal-dielectric or all-dielectric layer placed
on a metal substrate [3]. The thickness of a metasurface is usually very small in
comparison with an electromagnetic wavelength in free space. However, the periodic
structured surface provides conditions for the excitation of different types of resonances.
A spectacular metasurface response manifests in resonance reflection and absorption
[4], in electromagnetic radiation enhancement by using a laser medium [5], in exotic
electromagnetic field boundary values, which may be the same as on a surface of an
artificial magnetic wall [6], and in the confinement of the intensive electromagnetic field
inside the structure [7].

The excellent wavelength-selective properties of specifically functionalized metama-
terial mirrors are necessary to design precise sensors [8, 9, [10], in particular, biological
material sensors [11]. Another aspect of the application of resonant mirrors involves the
placement of a certain quantum system which can have different energy states, in an
intense field near the reflecting surface. In this case, the task is to obtain the maximum
radiation intensity or light absorption. The practical application of the resonant arrays
radiated one or only a few diffracted orders besides main one looks attractive due to
their outstanding features [12], [13].

The main factor defining the spectacular properties of a metasurface is the resonant
interaction of electromagnetic waves with a patterned metallic or a dielectric layer. A
special design of a metasurface unit cell can provide the opportunity to excite specific
high-Q resonances known as bound states in the continuum [14} [15], 16]. In microwave
region, the microstrip and waveguide reflection arrays that realised this kind of resonant
transformation were firstly proposed and researched in [17, [I§] respectively.

In this paper, by using a full-wave numerical simulation, we demonstrate for the
first time the features of the uncommon resonant regime of the metasurface involving
the excitation of one additional diffraction order besides the main partial wave to reach a
full non-specular light reflection in an advance choosing direction. The proposed silicon-
on-metal metasurface manifests a non-specular reflection of light with a low dissipative
loss. To provide the non-specular reflection for any direction of impingement and any
polarization of incident wave, we propose an array of silicon disks with the excitation of
a Mie-resonance that has a specific symmetry of field distribution. The levels of the light
intensities that correspond to the specular and non-specular ray of the reflected field
can be simply controlled by changing the angle of incidence of the initial wave. Other
mean to tune intensity distribution between rays consists in variation of polarization of
incident wave.

2. Problem statement

Let us consider the incidence of the plane electromagnetic wave

EY = eW exp(—ik'r) exp(iwt) (1)
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from region z > 0 on a periodic structure placed in free space within the layer
—h < z < 0 parallel to the xy plane (see Fig. , and Fig. . Here eV is an unit
polarization vector and k¢ is a wave vector. It is convenient to represent the wave
vector as the sum of the components transverse (k; = e,k sin6; cos ¢; + e,k sin 6; sin ¢;)
and parallel (v = (k* — k%)'/?) to the axis z, where ¢; and 6; are the azimuth and the
polar angle of the incidence direction (the angle of incidence is m —6;), k = w/c = 27/,
vectors e,, e, and e, are unit basis vectors along the axes x, y and z. For simplicity of
notation the time multiplier has been dropped below. The incident wave is assumed to
be a non-evanescent plane wave.

lo) 2a

Figure 1. A double-periodic planar reflect array: view in the plane z = 0 (a), cross
section in the plane y = 0 (b), the unit cell of array is shown by dashed lines.

To consider an infinite plane array, whose directions of periodicity coincide with
oblique coordinates s; and s, we number array elements by two symbols v; and 1,
as shown in Fig. [II The center of the element with 1 = v, = 0 lays on the axis z.
Then the element position in the plane z = 0 is determined by a radius vector with
two indices vy and 1, according to p,,,, = 1l1€1 + 11lsey, Wwhere e, and e, are the unit
vectors directed towards s; and s,, and [y and [y are the corresponding array periods.
The array elements are excited by a field with constant amplitude and linear phase shift
distribution. The phase of the impinging field at element (14, v5) is determined by the
expression p,,,, = (K', puu,)-

The complete set of solutions of the scalar Helmholtz equation, each varying with
the change of the coordinates s; and s, according to Floquet’s theorem, reads in the
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region above the periodic array z > 0 [19]

i i »
Smn —e z(k1+27rm/l1)31€ z(k2+27m/l2)526 z'ymnz7 (2)

where 7,,, is propagation constant along the z-axis, k! and k% are wave vector
components of an incident plane wave along the s;- and sp-axes.
When writing expression in cartesian coordinates, use the relation

sy =z —ycota, Sy =vy/sina

and represent the component of the incident wave vector along the ss-axis by its z- and
y-components
ki = k' cosa + k; sin v,

where « is the angle between the Oz- and Oss-axes. After substitution of these
expressions into Eq. , one obtains

Sppn = €~ XmnPe=mnz (3)

where

. 2T 2mm
k! — 4
)+ey( y+ ly lxtana) ( )

2mm
L

is projection of the propagation vector of the Floquet harmonic .S,,, on the zOy plane,

p=eyxr+eyy, l, =11, =lysina. Since Sy, is a solution of the Helmholtz equation,
the propagation constant along the Oz-axis takes the form

Ymn = 4/ k? — X%rm? Re'Ymn Z 07 Im’)/mn S 0.

It is easy to verify by direct check that the space harmonics fulfill the Floquet
conditions
—ikily

Smn(x + lla y7 Z) = Sm”(x7 y7 Z>e

Smn(ZL‘ + lg’ Y + l?/’ 2) = Smn<x7 Y, Z)e_ikél27

where [, = [5 cos a.

Each space harmonic S,,,, for which ~,,, is real, corresponds to one of the plane
waves, which transport energy from the array plane. The harmonic with subscripts
m = 0 and n = 0 is a plane wave propagated along a direction of incident wave specular
reflection.

The field outside of the periodic structure is a superposition of partial diffracted
waves propagating away from the array and along the array’s plane:

EY =E" 1 N dl) exp(—ik!,r), 2> 0, (5)

where d{l) and k', = Xmn + €.7mn are amplitudes and wave vectors of partial waves
of the reflected field.
The diffraction of Wave 1 will be referred as the direct diffraction scenario.
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Figure 2. Direct and reversal scenarios of diffraction.

Let us choose the one of the non-evanescent waves, reflected in the direct scenario,
and define for it a reversed diffraction scenario. For instance, the partial reflected wave
with indexes m = s and n = [ is considered. Then the diffraction of wave:

E®) = e® exp(ikl;r) (6)

on studied metasurface presents the reversed scenario. The wave (@ is plane wave
propagates along the direction —kI, from the region z > 0 (see Fig. : Wave 2) and
it is backward for reflected dS) exp(—tkl;r) wave in the direct scenario. The incident
wave E®) creates its own diffraction pattern E®), that contains the reflected partial
wave propagating in the exactly opposite direction to E(! wave. Thus, the direct
and reversed diffraction scenarios definitely contains as minimum two waves which
propagates in opposite directions in the same wave channel consisting of an incident
wave and the sl partial diffracted wave.

Let us apply the Lorentz reciprocity lemma [20] to the field superposition in the
direct and reversed scenarios under the assumption that the periodic structure has
neither non-linear nor non-reciprocal elements. Within the volume bounded by the
plane facets of the unit cell such relation may be written in the following form:

72{[]5(1) « HOy — [E® x H(l)]N}dS _o ™)

Here S is a surface enclosing the considered volume, and subindex N denotes the
component of the vector product, that is perpendicular to surface S. By direct inspection
it may be shown that the following relation results from the Lorentz lemma [17]:

() = s (e ) ®

between amplitudes dg) and dg) of the partial waves.

An analysis of the formula makes it possible to reveal fundamental relation
between waves that are diffracted in opposite directions in the same wave channels
of a periodic structure. These relations are a consequence of the Lorentz theorem
and therefore are valid for any reciprocal lossy or lossless periodic structures. An
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exclusively important physical consequence of the reciprocity theorem is that a system
exhibiting any extreme properties when light propagates in one direction manifests the
same properties when light propagate in the opposite direction.

We have chosen dielectric disks as resonant elements (metaatoms) of the
metasurface. The resonant features of single dielectric disks and finite length cylinders
located in free space and on a dielectric substrate are well established [21]. The attractive
opportunities of using dielectric disks placed on a metal substrate as an antenna elements
of the mobile devices were discussed in [22]. The disk arrays were also studied in details
in the case when their pitch is smaller than a wavelength [7].

The disks of designed array are placed periodically on a dielectric-on-metal plane
substrate. Their axes are oriented orthogonally to the plane of the reflect array (see
Fig. . The first few modes of the free standing dielectric disk resonator are TEgs,
HEM15, and TMg;s mode [22]. If we put PEC plane orthogonally to the disk’s axis and
via half of its thickness, the resonant mode TEqs is not excited in the frequency range
under interest. Two other modes mentioned above can be excited. The hybrid mode
HEM;j;s appeared most promising to be chosen as resonant mode of the metaatom of
the reflect array because it can be excited from any direction by any polarized incident
wave. The sketch of its field distribution is presented in the inset of Fig. [3|

3. Results of simulation and analysis

In the assumption ¢; = 0, let us consider a counter diagram presented on the plane
of two parameters which are an angle of incidence 6; and a normalize frequency I3 /A
corresponded to different reflected orders of non-evanescent waves (see Fig. [3). In the
area of the diagram, marked 1, there are the parameters corresponded to the existence
of only one non-evanescent spatial diffraction harmonic of the reflected field, namely the
(00)-partial wave. In the area marked 2, there is non-evanescent (-10)-wave harmonic
in addition to the (00)-wave. The areas marked from 3 to 6 correspond to a larger
number of partial waves going away from the reflection surface. We did not detailed
this information for the sake of simplicity.

The dot line crossed the zone 2 (see Fig. [3) marks so-named the Littrow diffraction
scenario which is important for using metasurfases as mirrors of resonators in laser
applications [23], 24], 25] and impulse compressor devices [18]. In the Littrow diffraction
scheme (or autocollimation diffraction regime), the (-10)-order propagation direction is
rigorously opposite to direction of incident wave.

Let us consider the diffraction of TE- and TM-polarized waves by the reflect array
of disk dielectric particles placed on the double layer substrate. The substrate consists of
a thin silica layer located between an array of silicon disks and a metal background. For
the sake of the analysis simplicity, we assume that the metal background is a perfect
electric conductor (PEC). Relative permittivity of silicon is assumed eg; = 11.9, and
tan dg; = 0.001. Silica permittivity is approximated below as 2.1.

In order to determine the range of metasurface parameters that provide full non-
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Figure 3. A diagram presents dependencies of normalise cutoff frequencies of partial
reflected mn wave on incident polar angle and zones of diffraction problem parameters
allowing the existence of different number non-evanescent diffraction orders (I = I,
a =7/2,¢; = 0.) The dot line crossed the zone 2 marks the Littrow diffraction scenario
corresponded to (-10)-order propagation direction rigorously opposite to incident wave.
A sketch of field distribution of HEM;15 mode of dielectric resonator located on PEC
substrate is shown schematically in the insert of right panel. The solid and dashed
lines correspond to the electric and magnetic fields respectively.

specular reflection of the incident wave, colour maps of the dependence of the reflectance
lago|? and diffraction efficiency |a_10|* on the disk radius, the thickness of dielectric
layer of substrate and normalised frequency were simulated and shown in Fig. {4 and
Fig. The amplitudes of partial waves of reflected field are defined by equation
’dmnP = |amn‘2700/k-

The metasurface manifests resonant frequency dependencies of specular and non-
specular reflection intensities for both TE- and TM-polarization of incident wave. The
enlargement of disk diameter leads to the decrease of resonant frequency. The quality
factor of resonance is essentially higher for the case of excitation by TE-polarize wave
in comparison with the case of TM-polarization. In any case of polarization, the
metasurface provides an opportunity for full non-specular reflection both TE- and TM-
polarize waves.

We also reach the opportunity of autocollimation diffraction regime with full
intensity transformation into reversal wave. However, there is the need the optimisation
over the whole set of problem parameters to derive the conditions for overlapping of
autocollimation regimes of two polarizations. It was not the subject of this research.

In the presence of a dielectric layer between the disk array and the metal screen, the
physical picture of reflection is changed due to changes in the conditions of resonance.
As the thickness of non-resonant dielectric layer increases, the effect of the metal
screen decreases, that leads to increasing the frequency of HEM;ys-oscillation, and
the oscillation frequency of TEg;s decreases (see Fig. [5)). This feature gives us the
opportunity to choose the thickness ¢ of dielectric layer to control the relative position



Non-specular reflection by a planar resonant metasurface

TE-polarization | @yl

0.20 1.0 0.20

0.19 \ 0.88 0.19

0.18 0.75 0.18
5017 083 =047
32016 0-50 1“016
s 038

0.15 0.15

0.25
0.14 0.13 0.14
0.13 0.0 0.13
0.65 070 0.75 0.80 0.85 0.90 0.95 065 0.70 0.75 0.80 0.85 090 095
L/ h/n
TM-polarization | agol? @’
0.20 1.0 0.20 .
B\

0.19 0.88 0.19 \ 0.88

0.18 0.75 0.18 0.75
S0.17 083 =047 063
3:0 16 0-50 1"0 16 0-50
S0 038 = 0.38

0.15 0.15

0.25 0.25
0.14 0.13 0.14 0.13
0.13 0.0 0.13 0.0

065 070 0.75 0.80 0.85 090 095
L/n

0.65 070 0.75 0.80 0.85
L/x

090 0.95

Figure 4. Dependencies of intensities |agg|? (left pictures) and |a_10|? (right pictures)
corresponding to TE-polarization (upper row) and TM-polarization (bottom row) of
incident wave are shown versus a disk radius a and normalise frequency: « = 7/2,
Iy =1 =0.75 pum, b = 0.08 pm, ¢ = 0, ¢; = 0, and 0; = 35 degrees. We marked the
normalise frequency l; /A = 0.87 corresponding to the Littrow scenario of diffraction by
the dashed line and the disk radius provided maximum intensity of related non-specular
reflection by the black square point.

of the resonances in the frequency scale, in particular, to achieve their overlapping. It
should be noted that in the case of overlapping at least two resonances lead to the
appearance of a wide frequency zone with effective non-specular reflection.

The non-orthogonality of the directions of array periodicity (Os; and Osy axes)
does not lead to significant changes in the resonant properties of the metasurface, as
the latter ones are associated with the natural oscillations of the field inside the disks.
Due to the disk symmetry, the variation of the angle between the periodicity directions
can only change a disk coupling, but does not change the field structure of natural
oscillations. On the other hand, if the angles of a rhombic unit cell (I; = l5) are smaller
then o = 60 degrees, the first non-specular non-evanescent diffraction order becomes a
ray (-1, -1) instead of (-1,0). This diffraction order propagates at an angle to the plane
of incidence. In Fig. [6] we show diagrams that can be used to track the location of an
area in which there are only two diffraction rays in the reflected field versus changing
the angle a.

For comparison we present here frequency dependencies of coefficients of specular
and non-specular reflection by metasurface with a rhombic-shaped unit cell of the array
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Figure 5. Dependencies of intensities |agg|? (left pictures) and |a_10|? (right pictures)
corresponding to TE-polarization (upper row) and TM-polarization (bottom row) of
incident wave are shown versus a thickness ¢ of substrate dielectric layer and normalise
frequency: o = /2, 1y =l = 0.75 pm, a = 0.15 pm, b = 0.08 pm, ¢; = 0, and
0; = 35 degrees. We marked the normalise frequency I1/A = 0.87 corresponding to
the Littrow scenario of diffraction by the dashed line and the thickness of substrate
dielectric layer provided maximum intensity of related non-specular reflection by the
black square point.

(see Fig. [7)). Resonances of full non-specular reflection are observed for wave diffraction
by these kind of metasurface. It also should be noted that this kind of resonance may
be manifested by diffraction order propagated outside of the plane of incidence.

Conclusions

In this paper we demonstrate a numerical analysis of a non-specular reflection of wave
radiation by the silicon-on-metal metasurface involving the excitation of diffraction
orders besides the fundamental one. To provide a full non-specular reflection for any
direction and any polarization state of incident wave, we propose for the first time
a metamaterial mirror composed of silicon disks array with excitation of the Mie-
resonances forming a specific symmetry of field distribution that can enhance or suppress
specific diffraction orders resulting in anomalous reflection. This kind of mirror can be
a key component in planar optoelectronic devices.
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Figure 6. A diagram defined zones of parameters corresponded to existence of two
non-evanescent partial waves (a specular 00-wave and an alone non-specular wave)
in the reflected field of a periodic structure with a rhombic unit cell. The areas are
bounded by two lines of different type and identical colour.
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