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ABSTRACT

Context. One of the scientific hypotheses for the creation of nonreciprocal optical metasurfaces is based on the use of a wave
channel in which rays of the direct and reverse diffraction scenarios are realized on two-periodic flat structures with nonlinear ele-
ments. Such processes in the nanometer wavelength range of electronic devices require precise calculations of the interaction of
waves and microstructures of devices. It is also important to describe the behavior of antenna devices in mobile communications.
Expanding the wavelength range of stable communication is achieved by using prefractal structures in antenna devices in combina-
tion with periodic structuring. Similar modeling problems arise when electromagnetic waves penetrate materials with a crystalline
structure (radio transparency).

Objective. To test this hypothesis, it is necessary to carry out mathematical modeling of the process of scattering of electromag-
netic waves by metasurfaces under conditions of excitation of several diffraction orders. It is known that among two-periodic flat
lattices of different structures there are five types that fill the plane. These are the Bravais grilles. The problem of scattering of an
incident monochromatic TE polarized wave on a metal screen with recesses in two-periodic structures filled with silicon was consid-
ered.

Method. The paper builds mathematical models for the study of spatial-amplitude spectra of metasurfaces on Brave lattices and
gives some results of their numerical study. The condition for determining the diffraction orders propagating over the grating is pro-
posed. Scattered field amplitudes are from the solution of the boundary value problem for the Helmholtz equation in the COMSOL
Multiphysics 5.4 package. Similar problem formulations are possible when studying the penetration of an electromagnetic field into a
crystalline substance.

Results. Obtained relations for diffraction orders of electromagnetic waves scattered by a diffraction grating. The existence of
wavelengths incident on a two-periodic lattice for which there is no reflected wave is shown for different shapes (rectangular, square,
hexagonal) of periodic elements in the center of which a depression filled with silicon was made. Distributions of reflection coeffi-
cients for different geometric sizes of colored elements and recesses are given. The characteristics of the electric field at resonant
modes in the form of modulus isolines show the nature of the interaction of the field over the periodic lattice and the scatterers-
depressions. At the resonant wavelengths of the incident waves, standing waves appear in the scatterers.

Conclusions. A mathematical model of the set of diffraction orders propagating from a square and hexagonal lattice into half-
space is proposed z > (. It has been shown that flat periodic lattice with square or hexagonal periodicity elements and resonant scat-
terers in the form of cylindrical recesses filled with silicon can produce a non-mirrored scattered field in metal. The response of the
lattices to changes in the wavelength of the incident field by the structure of diffraction orders of the scattered field and high sensitiv-
ity to the rotation of the incident plane were revealed. The two-periodic lattices have prospects for creating anti-reflective surfaces of
various devices. Two-periodic lattices have prospects for creating anti-reflective surfaces for various devices, laser or sensor elec-
tronic devices, antennas in mobile communication elements, and radio transparency elements. They have more advanced manufactur-
ing technologies in relation to spatial crystal structures.

KEYWORDS: Maxwell’s equation, periodic lattice elements, diffraction, diffraction orders, non-reciprocity of diffraction spots,
numerical tracking methods, resonant metasurface, non-specular reflection.

' NOMEN_CLATURE ﬁ(x, v,z) is a total field amplitude;
EMW is a electro-magnetic wave; . .
— . o ) S,.n 15 a modes (harmonics);
E(x,y,z,t) is a vectors of electrical intensity field,; . .
_ . . . . I, is a constant spreading for modes §,,,, ;
H(x,y,z,t) is a vectors of magnetically intensity 0 is an EMF incidence angle;
field; @ is an azimuthal angle of the plane of the wave vec-
p(x,y,z,t) is a density of distribution of electric et oincident wave:
charges; o is an angle between the coordinate axes;
€, 18 an absolute electrical permeability of the me- A is a wavelength;
dium; £,,¢, are lattice parameters;

€¢ 1s an electric constant (or vacuum permittivity); a;,hy are the radius of the cylinder;

I, 1s an absolute magnetic permeability of the me- hy is a parameters of a cylindrical diffuser.

dium;

Ho is a magnetic constant (or vacuum permeability); INTRODUCTION

In cases where the characteristic dimensions of the ob-
stacles to light propagation are proportional to the wave-
length, adequate models of light diffraction on them are
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o is a conductivity of the medium;
o is a cyclic frequency;
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based on the Maxwell’s system of equations. Problems
based on them are solved using the following numerical
methods:

— finite and boundary element method for integral
equations;

— modal methods for differential and integral equa-
tions;

— difference methods for systems of differential and
integral equations;

— a method for solving problems on eigenvalues and
eigenfunctions for differential and integral operators,
which implements the projection method on the basis of
the eigenfunctions of the problem operator.

Modal methods have a significant drawback - an in-
crease in numerical complexity with an increase in the
number of modes. The time-domain unfolding along or-
thogonal modes in the time domain for transversely in-
homogeneous structures remains problematic.

The object of study is the diffraction of electromag-
netic waves on biperiodic lattices with recesses.

The subject of study is the subject of the study is the
conditions on diffraction orders scattered above the lattice
and their amplitudes.

The purpose of the work is to separate the wave-
lengths of the incident field at which there is no reflected
beam for different forms of periodic elements with a de-
pression on a biperiodic lattice.

1 PROBLEM STATEMENT
To study the optical properties of complex periodic
structures, it is necessary to overcome the limit of nu-
merical complexity. This is possible when using numeri-
cal methods. Variation methods (for example, the
Galerkin’s method) applied to the Helmholtz equation
with respect to the spatial amplitudes of the full field in-
clude the choice of the sampling scheme, construction and
minimization. The obtained relations are transformed into
a system of linear algebraic equations to which discrete
analogues of boundary conditions are added.
Maxwell’s equations for the electromagnetic field in a
conducting medium are as follows:

E - —
saaa——i-GE: rotH,
t

oH —
—u, — =rotk,
e o

divE = L,
80.
divH = 0.

The system can be used to obtain wave equations for elec-
tric and magnetic tension vectors of field in the space-

time representation or frequency range. Thus, for the vec-
tor E(x,y,z,t)=U(x,y,2)e’®" , the amplitude of the total

field ﬁ(x, v,z) in the frequency domain is obtained from
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the solution of the following boundary value problem for
the system of equations in a three-dimensional periodic
element over the plane of the structure.

1 — ic |—
r0t|:—r0tU}—k§ (ar —iJU =0.
K, We(

Substituting the expansion of the field amplitude vec-
tor components along the basis from piecewise linear
functions into the upper equation, we obtain residual for
minimization together with additional boundary condi-
tions on the perfectly conducting basis of the plane struc-
ture by projecting it onto the basic elements. We calculate
the necessary characteristics of the scattered field above
the lattice (for example, reflection coefficients of diffrac-
tion modes, intensity of scattered rays (modes), etc.) from
the found field parameters.

Let us consider some rectangular and square periodic
lattices with scatterers of different depth located in their
centers, and forms in the plane, a fragment of which is
shown in Fig. 1.

c
Figure 1 — Rectangular and square (/, =/, ) lattice: a — spatial

position; b — in-plane configuration of the lattice; ¢ — angular
characteristics of the falling field

The lattice formed by the periodic translation of the
parallelogram (/4 =/,) are also of practical interest
(Fig. 2).

Hexagonal lattices are widely used in antenna tech-
nology. For example, the structure of graphene is a peri-
odic combination of hexagonal elements (Fig. 3).
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Figure 2 — Lattices made of parallelograms and rhombuses: a —
spatial position; b — in-plane configuration of the grating

Fig. 3 shows the hexagonal elements and their associ-
ated three sets of rhombuses-shaped elements that fill the
unbounded lattice plane and the required coordinate sys-
tems (xoy — the original coordinate system associated
with hexagons, x'oy’ — a coordinate system rotated by an
angle o, s,0s,— an oblique coordinate system associated
with associates thombuses, for example, type I).

Transmissive and reflective diffraction gratings are
used to spatially separate electromagnetic waves (EMW)
into a spectrum. We focus on the study of some of its re-
gularities and methods of controlling the characteristics
for two-periodic grilles-screens in the xoy plane. It is
assumed that in the centers of the periodic elements there
are depressions — scatterers of various shapes. For the
study, we choose the first square grille (Fig. 1) with scat-
terers in the form of cylindrical recesses with radius a;

and depth /; (Fig. 3b, c) that can be filled with different
materials.
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Figure 3 — The structure of grapheme: a — hexagonal lattice of
graphene, carbon layer in a honeycomb packing, lattice of regu-
lar (/; =/, ) hexagons; b — spatial position of the hexagonal
lattice with cylindrical diffusers; ¢ — a fragment of the lattice in
the plane and possible rhombuses to fill it

2 REVIEW OF THE LITERATURE

The possibilities of using metamaterials in acoustics,
optics and radiophysics are related to the results of re-
search in the theory of electromagnetic wave diffraction
on biperiodic flat structures. The characteristic size of the
geometric periodicity is of the same order as the wave-
length of the incident field. The parameters of dielectric
and magnetic permeability also have corresponding peri-
odic changes. Such structures have an advantage over
spacious three-period structures in terms of their afforda-
bility. Flat biperiodic lattices in the radio and optical wa-
velength ranges allow obtaining zones of non-reciprocity
(absence of reflected rays) in scattered or (deviations in
the law of ray direction) penetrating rays (orders) of elec-
tromagnetic or sound waves that are not typical for natu-
ral materials. The similarity of the mechanisms of nonre-
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ciprocal reflection and penetration into the material stimu-
lated the development of their mathematical modeling
based on Maxwell’s equations. Among them, we note the
tasks of studying the practical application of photonic
crystals [1-3]. The study of the nonreciprocal scattering
and the peculiarities of metamaterials in the form of bipe-
riodic lattices with various shapes (Brave lattices) of a
periodic element was performed in [4-7]. The presence of
a scattered field without reflected rays is noted for some
frequencies of the incident field. Numerical methods are
used to study this phenomenon numerically [8-10]. A
numerical study of the non-reciprocity phenomenon al-
lows us to obtain detailed information about the polariza-
tion features of the scattered field and the diffraction or-
ders of the rays in it.

3 MATERIALS AND METHODS
The scatterers can be located on two families of paral-
lel lines with periods /; and [, . In the lattices plane, we

introduce two coordinate systems — a rectangular one with
the basis orths e, ,e, , and an oblique one s;0s, with the

basis orths Zl,a . The position of the centers of the ele-
ments-scattering is determined by the radius-vector

Pyy, =Viliep +vhe; .

Then the component of the wave vector incident field

k' in the grille plane is
otk H etk
k' =ke+hkyey, k' =ke +ke,.

The complete system of solutions of the scalar Helm-
holtz equation, in accordance with the requirements of
Bloch’s theorem (known as Floquet’s theorem in one-
dimensional problems), in the domain z >0 (over a peri-

odic lattice) can be represented as [9—10].
WS 2
Smn — el mnze [1 [2

Considering the obliquity (0< a < 7/2) of the coordi-
nate system sjos, (Fig. 2) and its connection with the

rectangular coordinate system xoy , where a. =a.,

RIRIENGRE)
e 2 0)-0)

smao

then B=A"" we will get
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' ik, 27rm)x i(ky+ 2nm 27n
R il,.z 0
n =€ e e

litga. (,sino

For each mode (harmonic) S

. » the propagation con-

stant along the z-axis is

2 2 2
Ly =4k —Xx "Xy >

2nm 21m 2nn

E] > Xy,m,n -

where y =k -
R Y litga (,sina

. o 2
ky =ksin6cos ¢,k =ksmesm(p,k=7n.

Each spatial mode S,,, for which
Im7I,, >0, (1)

meets the condition of energy transfer from the grille
plane. The mode (m = 0, n = 0) is a mirror-reflected elec-
tromagnetic wave. From condition (1) we obtain

2 2 2
k ~Xx,m,n _Xy,m,n 20.

We will study the condition for wave propagation in
the region above the lattice as a set of admissible parame-
ters of the incident wave and the geometric characteristics
of the periodicity element of the lattices.

Let us introduce the characteristic function of parame-
ters of the lattice and incident wave

2
F m,n,e,(p,l,l,oc = sinecosq)—mi +
by Ly 4

2
7\‘ j
+m—octga | —1,

+| sinOsinp—n -
l,sina 44

then, the limit of the set of diffraction orders (m, n) prop-
agating from the lattice to the region z > 0 is determined
by equation.

F m,n,e,(p,l,i,oc =0, @)
0,

and the set of orders of propagating modes satisfies the
condition

F m,n,e,(p,L,L,a <0. 3)
U2

In the case of a rectangular coordinate system from (2)

with o = /2, we have
OPEN a ACCESS
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2
F m,n,E),(p,l,L,E = sinE)cosq)—mi +
0 4y 2 4
o 2 Y
+| sinBsinp—n— | —1=0.
%)

(4)

The region of propagation orders (Fig. 4) at
oon
25’
looks like a circle, which includes a certain set of diffrac-
tion orders.

0 (p=g,7»:400nm, ¢,=500 nm, £, =500 nm

Figure 4 ~Scattered diffraction orders for a sql'lare grating
b

=L =2, X=400nm, £, =500 nm, ¢, =500 nm
25" 6

The region of propagation orders in the case

0 =§, o= %, A =500nm, £, =500 nm, £, = 500 nm(Fig.

5) includes only four diffraction orders (0, 0), (0, 1), (1,
0), (1, 1)

Figure 5 — Scattered diffraction orders for a square grating

ng,(p:g,XZSOOHm,él:SOO nm, £, =500 nm

Parameters at which the two-beam scattering mode
(0.0), (1.0) (Fig. 6) is realized, for example, can be

ezg,(p:o, A =500nm, 7, =500 nm, /, = 500 nm.

P

Figure 6 — Scattered diffraction orders for a square grating

Ozg,(pzo, A =500nm, ¢, =500 nm, /, =500 nm
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Choosing the angles 0, ¢, a and wavelength A and the
lattice parameters ¢, ¢, , we obtain the condition on the
diffraction orders (m, n) of scattered waves in the region
z > 0 for parallelogram lattices. Thus, with
0=—"", p=", A=500nm, ¢; =500 nm, ¢, =500 nm,

4.5 6
T

o =—, we have a set of diffraction orders (Fig. 7a). The

two-beam regime of scattering of orders (0, 0) and (1, 1)

in such a grille is realized, for example, at 6 = %, ¢=0,

A =500nm, ¢; =500 nm, ¢, =500 nm, azg, and with

a further change of o to 7/6, the diffraction orders are lo-
calized (Fig. 7b).

a b
Figure 7 — Diffraction orders of a rhombus grille: a — ion orders

for a square grating 0 = 4l, Q= E, A =500nm,

b-a=

(1:500nm, £2:500nm, CL:g, ) (PZO

T
6
In the case of a hexagonal grille (Fig. 3) (side of the

hexagon a = 500nm), the propagation condition for the
associated diamond-shaped grille for it

AA
q){manaea(pag_aé_aalaazJ =

1 2

o M sin(a,) A sin(a,) ’
_[smﬂcosq) mé1 {cos(ocl)+ (e ]knfz sin(az)J + )

2
+[sin6003(p—m}L{sin(ql).FCOS(OLI)}_M7L C?S(al)] B
4 tg(a,) 2, sin(a,)
_1<0,

where o, — angle of rotation of the coordinate system
relative to the original, orthogonal one; o, — the angle

between the axes of the oblique coordinate system associ-
ated with the rhombus /; =/, .

4 EXPERIMENTS
Of practical interest is the problem of increasing the
power of some orders in the scattered field and minimiz-
ing the intensity of other orders, for example, (0,0). To
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investigate this possibility, we performed a comparative
analysis of the propagation sets for the studied gratings,
controlled the composition of the propagation mode or-
ders by the plane wave incidence angles, and estimated
their intensity.

At this stage, we considered the linear problem of the
electrodynamics of the incidence of a plane monochro-
matic wave with TE polarization on a metal screen with
periodically arranged scatterers (Fig. 2). The size of the
side of the square cell is a = 750nm, the dimensions of the
cylindrical ~ recess filled  with  silicon  are
o, =155nm(cylinder radius), A =75nm (depth). The
incident wave is characterized by the angles of the wave
0=40", p=0°. The plane of incidence of the

wave, with such data, coincides with the coordinate plane
XO0Z.

At such values of the interaction parameters, the prop-
agation condition (Fig. 8) gives a two-beam scattering
mode (0.0), (1.0) at a certain range of incident wave-
lengths. The red curve is the boundary of the region of
diffraction orders of propagation. Inside, the dots indicate
the orders of modes that propagate from the grille to the
region z > 0.

vector

Figure 8 — Diffraction orders of grille with a quare-cell at a two-
beam composition of the scattered field

A direct numerical study of the diffraction of electro-
magnetic waves, solving the initial boundary value prob-
lem by the finite difference method for unsteady Max-
well’s equations on a spatially periodic grille element
with C-shaped strips of a given length of perfectly con-
ductive inclusions, was performed in [11].

COMSOL Multiphysics 5.4 provides the ability to
create and study various models of the interaction of elec-
tromagnetic waves with objects with a periodic structure.
The package allows you to supplement the user interface
with your own models. With the help of built-in physical
interfaces and support from material properties libraries, it
is possible to create adequate mathematical models to
study the patterns and numerical characteristics of the
interaction process.

The research used a section on the physics of beam
optics. At the first stage, we considered a linear problem
for the wave equations of electrodynamics when a plane
monochromatic wave with a given polarization is incident
on a two-periodic screen of scatterers (Fig. 2, 3). The
problem for system (2) in the region (Fig. 9) is solved by
the finite element method.
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Fig. 9 shows a periodic fragment of the computational
domain over a flat grille (a) and a variant of its discrete
elemental breakdown (b) with cylindrical scatterers filled
with silicon. The size of the side of the square is a =
750nm, the dimensions of the cylinder are o4 =155nm,

hy =75nm. The incident wave is characterized by the

angles of the wave vector 0 = 400, 0= 0° and the power
Ey=1/m, Hy=14/m. The plane of incidence of the

wave, with such data, coincides with the coordinate plane
X0Z.

A set of input data has been prepared for the calcula-
tions

"

S
Mame  Expression Value Description

a 750[nm] 7.56-Tm square side
Ida0 2*a 1.5E-6 m Wave lehgth

ho 371da0 4.5E-6m air heigth

al 155[nm] 1.55E-7 m Radius diska

h1 75[nm] 7.5E-8m Disk heigth

theta A0[deg] 0.69813 rad Elevation angle

phi [ordegl 0.20944 rad Azimut angle

E0 11v/m] 1V/m Electric amplitude
H9 11Asm] 1 A/m Magnetic amplitude
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Figure 9 — Periodic element of the computational domain with
an input boundary (a) and their finite element partition (b)

Zero amplitude of the mirror wave (0, 0) is realized by
choosing the geometric parameters of a cylindrical dif-
fuser — a recess (o =155nm, and /4 =75 nm) filled with

homogeneous silicon. The search for resonant wave-
lengths was performed in the range A € [800,900]nm.

Fig. 10 shows the presence of an incident wavelength
at which the reflection coefficient of the reflected wave
(curve 1), mode (0, 0), is zero, and for the other beam
(curve 2), which corresponds to mode (1, 0), Kr=1.

Fig. 10 shows that for a wave of A" =848 nm, the
specular reflection coefficient is zero and the energy is
emitted in modes of other orders. The cylindrical recess,
which is filled with silicon, works as a waveguide con-
nected to a free half-space and can be resonant. Analysis
of the distribution of the modulus of the electric compo-
nent of the field above the grille shows its moderate inter-
ference character. Under resonance conditions, the main
field energy is localized in a cylindrical waveguide.
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b c

Figure 10 — Full field characteristics over a square lattice:
a — reflection coefficient of the incident wavelengths for the
following parameters o= 750 nm; a; =155nm,

By =75 nm; 6= 40°, ¢ =0°.; b—isolines of the modulus of
the electric field component in the xoz plane for A" =848 nm;

¢ — isolines of the modulus of the electric field component in the
xoz plane for wavelengths other than resonant ones

The choice of the geometric dimensions of the cylin-
drical recess o; =300nm, # =300nm, gives rise to a

more complex dependence of the reflection coefficients
on the incident wavelength (Fig. 11). In a cylindrical
deepening-waveguide, a standing wave with two maxima
is excited, which gives rise to the shown reflection distri-
bution.

When comparing the isolines of the modulus of the
amplitude of the electric component of the field, a change
in the polarization of the full-field waves over the peri-
odic grille is noticeable at different wavelengths of the
incident field (Fig. 10 b, ¢).

1,2

740 750 780 800 820 840 860
Lwe
Figure 11 — Reflectance as a function of wavelength for the
following parameters o =750 nm, o,; =300 nm, / =300nm,

6=40", ¢=0"
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A similar phenomenon of energy redistribution be-
tween waves of different orders for a given grille with
square cells of periodicity can be found for other sizes of
a cylindrical scatterer filled with silicon. Thus, Fig. 12
shows the results of calculations of the reflective proper-
ties of a periodic grille at the dimensions of the scatterer
o =300nm. 7/ =375nm. Resonant complete energy

redistribution is realized at A" = 998 nm.

940 960 980 1000 1020 1040 1060
a
b
Figure 12 — Full field characteristics over a square lattice:

a — distribution of reflection coefficients (1-mirror beam, 2-non-
mirror beam) along the incident wave length for parameters

o=750nm, o; =300nm, 6=40°, ¢=0°, =375 nm;
b — isolines of the modulus of the electric field component in the

xoz plane for A" =998 nm

More complicated reflection phenomena can be ob-
served when the size of the waveguides or the angle of the
wave incidence plane is changed, when a resonant stand-
ing wave with many maxima and a nonuniform distribu-
tion of electric field parameters at the boundary of the
waveguide and free half-space z>0 is excited in the wave-
guide (Fig. 13).
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700 710 720 730 740 750 760

Figure 13 — Distribution of reflection coefficients (1-mirror
beam, 2,3,4-nonmirror beams) by wavelength for parameter

o =750nm, o4 =300nm, 4 =375 nm, 0=40°, (;):450

In the wave range (Fig. 13) A € [700,750lnm of the
incident field, there are zones where the nature of the
scattered electromagnetic field and the composition of the
diffraction orders that create it change. At A"~ 703 nm
we have a practically single-beam scattered field (curve
2), and at A" = 724 nm the field is created by four beams,
which changes to a single-beam field (curve 1) reflected
at A" ~ 742 nm. Thus, the realization of single-beam scat-
tering is possible for a grille with not square-cell not only
at angles ¢ =0°(Fig. 12), but also at other angles, for
example, ¢ =45".

We also investigated the case of a periodic grille with
hexagonal elements in the period (Fig. 14). Fig. 15 shows
the reflection intensity of different modes over a hexago-
nal grating.

The analysis of diffraction orders for a grille of regular
hexagons and a grille of associated rhombuses provides
different information about the composition of the set of
propagation orders. Thus, applying condition (5) and con-
dition (3), we obtain a different composition of the set of
diffraction scattering orders.

c
Figure 14 — Elements of periodicity of the geometry of the
computational domain of the hexagonal lattice: a — general
scheme, b — spatial image, ¢ — projection on xoy
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VLL
\

T

Figure 15 — Full field characteristics over a hexagonal lattice: a —
distribution of reflection coefficients along the incident wavelength
for parameters o =500 nm, o =155nm, A =75nm,
0= E, o= 600 ; b — isolines of the modulus of the electric field

3

vector above the grating; ¢ — wave vectors of modes at the input
boundary of the computational domain (plane parallel to xoy),
A=877.8 nm
It can be seen from Fig. 15 that the scattered field of a
periodic grille made of hexagonal elements with cylindri-
cal scatterers, the size of which is similar to a square
grille, almost does not have geometric reflection at a wa-
velength of A = 877.8 nm. The energy from the incident
mode is transformed into several scattered modes.
In the case a=500nm, oy =155nm, A =75 nm,

T
0= 3 ¢=0°, we have a two-beam case of the scattered

field above the grille in a certain range of incident wave-
lengths (Fig. 16).

Figure 16 — Distribution of reflection coefficients (1-mirrored
beam, 2-non-mirrored beam) along the incident wavelength for the

parameters o =500 nm, oy =155nm, / =75nm, e=f’ ¢=0
3
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We found (Fig. 16) a regime for a grille of regular
hexagons where two-beam scattering with a minimum
intensity of the reflected beam is realized in the main
field.

It is further found that the distribution of the scattering

coefficient at ¢ =-60° coincides with the distribution at
¢=0.

5 RESULTS

A mathematical model of the set of diffraction orders
propagating from a square and hexagonal lattice into half-
space is proposed z > 0.

It is shown that flat periodic lattices with square or
hexagonal periodicity elements and resonant scatterers in
the form of cylindrical recesses filled with silicon in a
metal can create a non-mirrored scattered field.

The response of gratings to a change in the wave-
length of the incident field by the structure of the diffrac-
tion orders of the scattered field and a high sensitivity to
the rotation of the plane of incidence have been revealed.

6 DISCUSSION

The behavior of the electromagnetic field in photonic
crystals and near biperiodic lattices is explained by the
possibility of influencing the Bregovian scattering by peri-
odic inhomogeneity of the medium.

The existence of metamaterials for which there are con-
tinuous intervals of wavelengths of the incident field with a
nonreciprocal scattered field is important.

Some researchers consider metamaterials formed by
hexagonal, square cells with symmetry breaking out of
plane or in plane. Such designs have a free space in the
middle of the cell where you can place some controls. Then
a strong electric field concentration in the near field can be
achieved. This field behavior can be useful in laser or sen-
sor devices.

CONCLUSIONS

The scientific novelty is the analysis of the diffraction
orders of electromagnetic field rays over a biperiodic lat-
tice, which allows us to determine the ray composition of
the scattered field.

The amplitude characteristics of the rays are deter-
mined from the solution of the boundary value problem
for the Helmholtz equation in the frequency domain.
Numerical methods for Maxwell’s equations in time-
space coordinates are promising [11].

The proposed analysis of the orders of diffraction of
electromagnetic field rays on a biperiodic lattice on a per-
fectly conducting substrate allows us to determine the ray
composition of the scattered field.

The amplitude characteristics of the beams are deter-
mined from the solution of the boundary value problem
for the Helmholtz equation in the frequency domain. We
show the existence of wavelengths of the incident field at
which only non-mirrored rays with nonzero amplitude
exist. This makes it possible to use such lattices in a vari-
ety of electronic devices.

© Vanin V. A, Pershyna L. 1., 2024
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In the case of arbitrary time-dependence of the parame-
ters of the passive field, numerical methods for Maxwell’s
equations in time-space coordinates are promising [11].

The practical significance of this work is detection of
features of the behavior of the scattered field over a bipe-
riodic lattice can be used to create non-reflective surfaces,
creating anti-reflective coatings in various devices.

The revealed features of the scattered field behavior
over a byperiodic grating can be used to create non-
reflective surfaces, creating anti-reflective coatings in
various devices, broadband mobile antennas, and sensor
devices

Prospects for further research are studies on the in-
fluence of boundary conditions in the mathematical model
on the composition of scattered diffraction orders and the
relationship between diffraction orders of the scattered
field and characteristic directions (eigenvalues and eigen-
vectors of Jacobi matrices).

Two-periodic gratings have prospects for creating an-
ti-reflective surfaces for various devices.
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PO3CIIOBAHHSI EJIEKTPOMATI'HITHUX XBW/Ib HA IVIOCKHUX PEINITYATHUX ABOXINEPIOJUYHUX CTPYKTYPAX

Banin B. A. — 1-p Texs. Hayk, npodecop, npodecop kadenpu Bumoi MateMaTuk HalioHanbHOrO TEXHIYHOTO YHIBEpPCHTETY «XapKiB-
ChKHUI MOJITEXHIYHUIA IHCTUTYT», XapKiB, YKpaiHa.

Mepumna 0. 1. — g-p ¢i3.-mar. Hayk, npodecop, 3aBinxyBau kadenpu BUIOI MaTeMaTHKH HalliOHAIBHOTO TEXHIYHOTO YHIBEPCUTETY
«XapKiBCbKHUH MOMITEXHIYHUH IHCTUTYT», XapKiB, YKpaiHa.

AHOTALSA

AxTtyanbHicTh. OJiHA 3 HAYKOBHX TillOTE3 CTBOPEHHS HEB3a€MHUX KOHTPOJIBOBAHHMX ONTHYHHX METANOBEPXOHb € BUKOPHCTAHHS XBH-
JIbOBOTO KaHANy, IKHH 0a3yeThcs Ha MPOMEHSAX IIPSAMOTO Ta 3BOPOTHOTO CLCHApIiiB qudpakiii Ha ABONEPIONUMYHHUX INIOCKHX CTPYKTYpax 3
HeNiHIHUME eneMeHTamMu. Taki mpolleci B HAHOMETPOBOMY JIiala30Hi XBWIIb €IEKTPOHHUX MPUCTPOIB BUMArarOTh TOYHUX PO3PAXyHKIB
MPOIIECIB B3aEMOJIIT XBUIIb 1 MIKPOCTPYKTYp NpHIIaiB. BakIMBO TakoX OMMcaTH MOBEAIHKY aHTEHHHMX MPHCTPOIB B 3ac00ax MOOIIBHOIO
3B’3Ky. Po3IIMpeHHs Aiana3oHy JOBXKHH XBHJIb CTAOLIBHOTO 3B’SI3KY JOCATA€THCSA HA NO(PaKTaJbHUX CTPYKTYpax B aHTCHHHX NPUCTPOSIX Y
MO€HAHHI 13 MEPIOJNYHAM CTPYKTYpyBaHHAM. CXO0Xi IPOOIEMH MOZIENIOBAaHHS BUHUKAIOTH 1 P NIPOHUKHEHH] €IEKTPOMATHITHUX XBHUIb
Yyepes MaTepiaiy i3 KpUCTAIYHOK CTPYKTYPOIO (pajiionpo30opicTh).

Merta. [l nepeBipky i€l rinoTe3n HEOOXiIHO MPOBECTH MAaTEMaTHYHE MOJETIOBAHHS MPOLIECY PO3CISHHS eNEKTPOMATHITHUX XBHJIb
METAOBEPXHAMH B YMOBAX 30yPKEHHS JEKLUIBKOX MU(PaKUifHUX MOpsaKiB. SIK BiOMO, cepell ABOXIEPIOANYHUX IUIOCKUX PEIIITOK Pi3HUX
CTPYKTYp € I’SITh THIIIB, sIKi MOKPHBaOTh muioiiuHy. e € pemitku Bpase. Po3rnsaanaces 3agaua po3ciroBaHHS Magar04d0i MOHOXPOMATHYHOI
TE nonsipu3oBaHOi XBUJII HA METAIEBUI €KpaH i3 3arJHOJICHHSIMH B IBOXIIEPIOIMYHIX CTPYKTypax, 3alIOBHEHUX KPEMHIEM.

Mertoa. B po6oTi nobynoBani MaTeMaTH4Hi MOJEINI JJI1 BUBYECHHS IPOCTOPOBHX aMIUIITYJAHHX CHEKTPIiB METAallOBEPXOHb HA PEIIiTKaX
BpaBe Ta HaBezieHi JiesKi pe3yIbTaTH 1X YHUCEIBHOTO JOCIIDKEHHS. 3alIpOIOHOBAHA yMOBA BU3HAUYCHHS NU(PaKiifHUX HOPSIKIB SAKi PO3HO-
BCIO/KYIOTBCS Ha/l PELIITKOK. AMILTITYIM PO3CISIHOTO TOJIS 3HAXOIATHCS 13 PO3B’sI3aHHS KPaHoBOI 3afaul Ajist piBHSHHS [ enbMrosibis B
naketi COMSOL Multiphysics 5.4. AHaJIOrYHI IOCTAHOBKHM 3a/1a4 MOXJIUBI 1 IPH JIOCHIKEHHI POHUKHEHHS €JICKTPOMArHiTHOTO MOJIS B
KPUCTAIIYHY PEYOBHUHY.

PesyabTaTn. OTpuMaHi CHiBBiIHOIMEHHS 111 AU(PaKIiHHUX MOPSAAKIB PO3CIHUX eIEKTPOMATHITHUX XBIIb JUPPAKIIHHOIO PEIIITKOIO.
TToka3aHo iCHYBaHHS JOBXKHH MaJal04MX XBHJIb HA ABOXIEPIOAMYHY PELIITKY AJs SIKMX BIICYTHS BiJJI3epKajieHa XBUIIS IPH Pi3HUX popmax
(IpAIMOKYTHA, KBaJpaTHa, IIECTHKYTHA) NEepiOJUYHUX €JIEMEHTIB B LEHTPI AKUX OyJI0 BUKOHAHE 3arjiuOieHHs, HaroBHeHe kpeMHieM. [Ipu-
BEJICHI pO3MOAiny KoedilieHTy BiIa3epkaleHHS IPU Pi3HUX T€OMETPUYHUX PO3Mipax HEepiOAUYHUX CIEMEHTIB i 3araubneHHs. XapaKTepHc-
THUKU EIEKTPUYHOTO MO Ha PE30HAHCHUX PEXUMAX Y BUTIISI 130J1iHIH HOT0 MOYJISl OKA3yHOTh XapaKTep B3aeMOIl MO HA/l MepioJny-
HOIO PEILITKOIO 1 po3citoBayaMu-3arin0ieHHssMu. Ha pe3oHaHCHUX JOBKUHAX MaJJal0uMX XBUIIb BUHUKAIOThH CTOSYi XBUIII B pO3CiIOBayaXx.

BucHOBKH. 3anpornoHOBaHa MaTeMaTHYHA MOJENb MHOXHAHU JUPPAKIIHHIX MOPSIKIB SIKI PO3HOBCIODKYIOTHCS Bil KBaApaTHOI Ta Iec-
THKYTHOI pEeHIiTKU B HiBIpocTip. [okasaHo, 1o MmIocki nepioguuHi penriTKy i3 KBaJpaTHUMH ab0 MIECTHKYTHUMH eJIeMEHTaMH IIePioJHIHO-
CTi Ta PE30HAHCHUMH PO3CIFOBaYaMH y BHUIIISAL HATIHAPHYHUX 3arinOIeHb, 3a[I0BHEHUX KPEMHIEM, Y METallli MOXYTh CTBOPIOBATH HeI3ep-
KaJIbHE po3cisiHe moJjie. BusiBieHa peaxiist peliTox Ha 3MiHy JOBXHHU XBWJII [1A/Ial0YO0T0 MO CTPYKTYPOIO AUGPAKIIHHUX HOPSIKIB pO3Ci-
SIHOT'O TOJISt T BUCOKA Yy TJIMBICTH 110 MOBOPOTY IUIOLIMHY MaJiHHs. J[BOXNEpioJUYHI PeLIiTKH MalOTh NEPCHEKTHBY MPH CTBOPEHHI aHTHOJII-
KOBHUX MMOBEPXOHb pisHuX mpucTtpoiB. The two-periodic lattices have prospects for creating anti-reflective surfaces of various devices. J[Bo-
NEepioMYHI PELIITKA MAOTh NEPCIIEKTHBY IPH CTBOPEHHI aHTHOJIIKOBHUX IMOBEPXOHB PI3HUX MPUCTPOIB, Ja3ePHUX UM CEHCOPHHX Pajiioeiek-
TPOHHHX IIPUCTPOIB, aHTCH B €JIEMEHTaX MOOIIBHOIO 3B’ 3Ky, PafiONPO30pOPHXEIEMEHTIB. BOHM MatoTh OiNbI PO3BUHEH] TEXHOJIOTII BUIO-
TOBJICHHS 10 BiJTHOLICHHIO JI0 IPOCTOPOBHX KPHCTAIYHUX CTPYKTYP.

KJIFOYOBI CJIOBA: piBasinHst MakcBera, MepiofnuyHi eleMeHTH pelniTky, audpakigis, qudpakiiiHi mopsiaKya, HeB3aeMHICTh audpa-
KUIHHKUX SBUIL, YHCEIbHI METO/IM JIOCHI/PKeHb, pE30HAHCHA METAIIOBEPXHs, HEB3a€MHE BiJlI3ePKaJICHHSI.
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