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In this work we studied the effects which occur during the incidence of p-polarized electromagnetic wave on the solid-state structure
“coating-uniaxial plasmonic metasurface-dielectric-metal”. The purpose of this work is researching how the coating influences the
effect of reflectionless incidence of the p-polarized electromagnetic waves on the solid-state structure “uniaxial plasmonic metasurface-
dielectric-metal”. Numerical modelling was used to find the conditions that lead to reflectionless incidence of the p-polarized
electromagnetic wave on the solid-state structure under consideration. Using this method we determined the parameters of the coating
which are required to observe incidence of p-polarized waves with no reflection. It was found that dielectric coating of the solid state
structure significantly changes the behavior of the effect. We showed that dielectric permittivity of the coating changes the frequencies
at which reflectionless p-polarized waves occur. The dependency was established between permittivity and thickness of the coating
which causes the effect of the reflectionless incidence of p-polarized waves. The conducted research has a great scientific and practical
interest. The solid-state structure that was studied can be applied for designing conceptually new types of nanoelectronic and optical
devices.
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1. INTRODUCTION

The presence of two-dimensional material (metasurface) at the boundary of the dielectric layer causes some interesting
and important effects to take place [1-6]. The articles [4-6] studied uniaxial plasmonic metasurfaces consisting
of a periodical array of conductive ellipsoids. Such plasmonic metasurfaces can be described using a two-dimensional non-
diagonal conductivity tensor, which depends on the frequency and the angle of electromagnetic wave propagation relative
to the principal axis of the ellipsoids. Of particular interests are the effects based on the p-polarized electromagnetic waves
that incident on the metasurface placed on top of the dielectric layer [4—6]. One of these effects is reflectionless propagation
of p-polarized electromagnetic waves through the metasurface. Such behavior can be observed in case the symmetry axis
of plasmonic metasurface is in fact the plane of incidence of the electromagnetic wave [4, 6]. Another interesting observation
is full transformation of the p-polarized electromagnetic wave into the s-polarized one [5, 6], which occurs when the plane
of incidence forms an acute angle with the great symmetry axis of the metasurface. It’s important to note that both
aforementioned effects take place in case coating of the dielectric layer is either metal or dielectric itself. In addition, in [4-6]
the conditions were established which lead to reflectionless incidence and full transformation and how they depend on the
frequency of p-polarized wave and the angle of incidence on the plasmonic metasurface.

In this paper, we are proceeding further with theoretical research of the described in [4, 6] effect of p-polarized
electromagnetic wave incidence through solid-state structure with no reflection [6] assuming, that plasmonic metasurface
has protective dielectric layer. Here, we studied how this new dielectric layer impacts the conditions of reflectionless
incidence.

2. PROBLEM STATEMENT
The geometry of the problem is shown in Figure 1. Let the area z <0 be a dielectric with permittivity &, . The first

layer (area 0 <z <d,) — dielectric layer with permittivity £, covers uniaxial plasmonic metasurface (z =d,), which is
located on top of the second dielectric layer (scope between d, <z <d,;+d, ) that has permittivity &, . Perfectly
conductive metal substrate occupies the area z >d, +d, . Uniaxial plasmonic metasurface was regarded as two-
dimensional (2D) array of conductive ellipsoids [4-6].

We assumed that an electric field of the p-polarized electromagnetic wave lies in a plane which makes an angle ¢
with the major symmetry axis of the plasmonic metasurface. Moreover, let electromagnetic wave with frequency @ fall
on the dielectric structure with angle 6.

As in [4-6] to describe electromagnetic properties of the plasmonic metasurface within the solid-state structure
under consideration, we incorporated two-dimensional effective conductivity tensor.

Cite as: MM. Biletskiy, I.D. Popovych, East Eur. J. Phys. 2, 90 (2024), https://doi.org/10.26565/2312-4334-2024-2-07
© M.M. Biletskiy, I.D. Popovych, 2024; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2024-2-07
https://creativecommons.org/licenses/by/4.0/
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://orcid.org/0000-0002-3194-7251
https://orcid.org/0009-0000-2539-0373
https://creativecommons.org/licenses/by/4.0/

91
Reflectionless Incidence of the p-Polarized Electromagnetic Wave Through Solid-State... EEJP. 2 (2024)

Figure 1. Geometry of the problem

In the coordinate frame making an angle ¢ with the principle axis of the plasmonic metasurface (assuming that the

plane of incidence of the electromagnetic wave is identical to the XZ plane) effective conductivity tensor of the plasmonic
metasurface takes the following form [4-6]:

O xx O-xy
o, = , (1)
Oy Op
where
Oy =0 cos’ p+0, sin? o, 2)
o, =0 sin2¢7+0'L cos’ ¢, 3)
Oy =0, = (a L0 )sin(pcos¢>. 4)

In the formulas (2—4) diagonal components of the effective conductivity tensor describing uniaxial plasmonic

metasurface o)1 normalized by ¢/47x , can be expressed using (¢ is the speed of light):

oA . "
ht =0, +i0'”YL . %)

oy =0 +i
I+ = =L 2 2 .
" =Q) | +ioy,

The indices « || » and « L » here correspond respectively to the along and across directions of the plasmonic
metasurface principal symmetry axis, Q| and y| | are the resonant frequencies and half-widths of the lines, 4, , are

the oscillator forces magnitudes and o-li are the background conductivities. In addition, U‘L | and 0'|L | are the real and

imaginary parts of the conductivity tensor for the corresponding components. We assumed that aﬁﬂ =02i, 4, =02,
7,0 =002, Q =1.0,Q, =1.2 [4].

It should be noted that the presence of non-zero non-diagonal conductivity tensor components o, ,0,, in case
@ #0and @ # 90° cause reflective s-polarized electromagnetic waves to be created. As a result, when p-polarized wave

propagates through uniaxial plasmonic metasurface reflected waves will have all the electromagnetic field components
and will be elliptically polarized in the general case. In the chosen coordinate system, electromagnetic field of p-polarized

waves has the following components: E = {Ex ,0, EZ}, H = {0, H, ,0}. Similarly for the s-polarized electromagnetic
waves we have: ES = {O,Ey ,0}, ﬁs = {HX,O,HZ}.

The wave vectors for each layer have the following components l;j =(kx,0,kzj), j =123 . Moreover, the

[ 2
longitudinal wave number equals &k, = —,/&; sin@ . For the transverse wave number the formula is k= —5 & kf .
c c

Let’s write down non-zero tangential components of the electromagnetic field in each medium of the established
above solid-state structure. We will omit multiplier exp(ik,x—af) . In the equations below index «p» relates to the p-

polarized waves, and «s» — to s-polarized ones.
Medium 1 (layer z<0).

ik ik
H}f’l (z) =e"=* +r,,e Ha? | (6)
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zl ik, z —ik,z
e —r e R 7
El(z)= e, —( wp ) (7
E}\(2) = rpe 7, ®)
Hi(2) = Ck—zlrpse‘”‘zlz : ©)
10}

Medium 2 (layer 0 <z < d,).

HP)(2) = H},e"" + H pe " (10)
P CkZZ + ik.,z — ik ,z
El(z)= (H pe™?" —H e %), (11
W,
ESy(2) = ELe™ + Ee ™7 (12)
x2( ) 22 (E+ ik 222 E7 e—lkzzz) . (13)
0]
Medium 3 (layer d, <z <d,;+d,).
H?y(2) = H e + H e 7 (14)
P Ckz3 + ik.3z - —ik,3z
EL(2)= (H jze" " —H ;e 7)), (15)
WE3
Ej3(2) = EGe"" + Ege ™7, (16)
3( )_ 23 (E+ ik 3z E—eflk3z) (17)
10}
Here 7, and 7, are the amplitudes of p- and s-polarized waves, reflected from the uniaxial plasmonic metasurface.
The magnitudes H s E o and H 25 Es are the amplitudes of the forward and backward p- and s-polarized waves in a

medium with dielectric permittivity &, . Likewise, H ;23 and E;are the amplitudes of the forward, while H 3 and

E; —amplitudes of the backward p- and s-polarized waves within the layer characterized by permittivity & .
To get both 7, and r,; we incorporated boundary conditions nearthe z=0, z=d, and z=d, +d, .

For z =0 tangential components of the electric and magnetic fields in adjacent mediums are equal.
However, when z =d|, tangential components of the electric fields are continuous, unlike tangential components
of magnetic fields:

ElL(d)=E}(d,), (18)
E}(d))=E;(d,), (19)
Hp3(d ) H (d )_ (GXXEfZ(dl )+O-xyE;2(d1 ))a (20)
Hiy(d,)~Hy(d)) =2 T EL () 40, B (@) @1

On the metal boundary z = d| +d, tangential components of the electric fields equal to zero.
The reflection coefficient of the p-polarized electromagnetic wave from the plasmonic metasurface is a sum of

2 2,
|rpp\ and |rps| :

R 17 17 (22)

p T
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where
PS+0_
=it (23)
PS+0Q,
2
sin” (k;5,) 24)

V,g =40
PRS0,

P, = [2—3003(/‘352) —io,, sin(ks0, )J(cos(kﬁ‘l )Fi ];c sin(k, 0, )]
3

2™M

, (25)
s1n(k352{ s1n(k251) s1n(k251 )]
ky h
S = (k3 cos(k30,) —io,, sin(k36,) ) cos(k,0,) - iﬁsin(kzél) -
ky , (26)
—isin(k;0, )(kl cos(k,6,) — ik, sin(k,5,))
&k, ky
0, =0y, sin (k3§2 )(cos(k251 YFi—= k 2 sin(k, 0, )](cos(l@&l )—i— Z L sin(k,0, )] 27)
&2k 2

d,o

. ck;
Note that in equations above we used dimensionless quantities: k; = 7 j=123and 5, =
P .

3. THE AFFECT OF THE COATING COVERING THE UNIAXIAL PLASMONIC METASURFACE ON
THE REFLECTIONLESS INCIDENCE OF THE P-POLARIZED ELECTROMAGNETIC WAVE
We were trying to identify the conditions under which R, = 0 is the case. Let’s consider either ¢ =0° or ¢ =90°.
Then o,, =0,, =0 and r,; =0. It’s clear, that under such circumstances the reflected electromagnetic wave becomes
p-polarized and R, =|r, \ Seeing that O, =0, from the expression (23) we can conclude that 7, =0,when P.=0.

Since quantity P_ is a complex number, the equation r,, =0 satisfied in case the followmg conditions are met

simultaneously:
(icos(k352)+a'|; sin(k352)]cos(k2§1) ( _ak 8926 l)s1n(k251)sm(k352) 0, (28)
ks ky, &k
5 cos(kySy) + 0, sin(ksSy) R Gin(k,5)+ [ﬂ e J cos(kyd,)sin(k;8,) =0 (29)
sy &k, kl

From the equations (28), (29) we have:

& cos(k;0,) + 0"1L sin(k;9,)

(2 -2 6 l]sin(kﬁz)
ky &k
& ' .
(kl —oj. j sin(k35,)
tan(k,0;) = — ! X : @1
[%Cos(k352) v sin(kd, )j ek,
ks &

Comparing the right side of the equations (30) and (31) we obtain the following expression:
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53 " . 51 ' . k 5
3 ) . ! —=0 (32)
8% 5 lsinkySy) | 2 cos(ksdy) + oy sin(ksS,) |02
ky &k 7 ks ’ &k

With fixed values of &; and J, the equation (32) allows us to find the relation w(s,) , which causes the effect of

reflectionless incidence of the p-polarized electromagnetic wave through composed solid-state structure. The relevant
dependencies 6;(g,) can be simply established from one of the equations (30) or (31).

It should be mentioned that for the solid-state structure uniaxial plasmonic metasurface — dielectric layer — metal
(6, =0) [6] the effect of propagation of the p-polarized electromagnetic waves with no reflection with the fixed angle of

incidence @ can be observed at the two frequencies w; and @, , that are symmetrically located relative to Q, (for

@=0°)and Q, (9=90°). These frequencies correspond to the different values of dielectric layer thickness &, . The

reason is that for uniaxial plasmonic metasurface functions o, (w) are symmetric, and o, (w) are asymmetric relative

to the resonant frequencies Q, and Q.

We are interested in the situation when the angle of incidence of the p-polarized waves on the structure under
consideration equals € =45° and permittivity is &; = 2.0 . Assuming that there is no coating covering dielectric structure

(0,=0) and @=0° the effect of the incidence with no reflection of the p-polarized waves arise at the frequency
®, =0.976 and the thickness 0, =~ 0.377 as well as when @, =1.025 and 9, ~2.224 . In case ¢ =90° reflectionless
behavior can be observed for the following pairs of frequencies and thicknesses @, 1.176, 6, = 0.377 and w, =1.225,
0, =2.224.

Let’s now try to understand how the coating ( J, #0 ) affects the propagation behavior of the p-polarized
electromagnetic waves in particular case when there is no reflection. We considered the following parameters ¢ =0°,
0 =45° and &5 =2.0. The general idea was to find how frequencies o, , and thickness &; depend on the dielectric
layer permittivity &, .

Figure 2 shows relation @,(s,) (left-hand ordinate axis, solid line) and J;(s,) (right-hand ordinate axis, dashed
line) in case R,=0 and ¢=0°, 6=45°, &, =2.0, 5, =0.377. From the Figure 2 we can observe that the function
,(&,) is monotonically increasing unlike J,(s,) which decreases in the same way. Horizontal dotted line from the
Figure 2 corresponds to the quantity @, when there is no coating covering the uniaxial plasmonic metasurface.

1.000 4.0

3.5
0.995 -
3.0
0.990
25
~ 0.985 1 F2.0 61
3

0.980 A
r1.0

0.975 A
0.5

0.970 T T T T T T r T 0.0
1 6 7 8 9 10

(¥}
w
IS
W

&2
Figure 2. Dependencies w,(&,) (left-hand ordinate axis, solid line) and &, (&, ) (right-hand ordinate axis, dashed line)
corresponding to the situation R, =0 for §=0°, 6 =45°, £ =2.0, 5, ~0.377
Therefore, when 6, # 0 the frequency o, shifts closer to resonant frequency Q” . The quantity of displacement is

directly proportional to the permittivity value &, . We also can discover another dependency. The thickness value 6, that

is necessary to observe the effect of electromagnetic wave reflectionless incidence propagation when &, goes up.
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The way that coating affects the reflection coefficient R, of the p-polarized electromagnetic wave can be seen on
the Figure 3. In this graph the solid line correspond to the dependency Rp () for the situation when @ =0,8 = 45°,
&, =15, =20, =2329, 6, =0.377. The figure also contains a dashed line showing the same dependency

between the frequency and reflection coefficient for the solid-state structure with no coating (5, =0).
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0.6 1
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0.4

Figure 3. Dependency R, (w) for 9=0°, 0=45° ¢ =15, &5=2.0, 6, =0.377
and &) =2.329 (solid line), §; =0 (dashed line)

From the Figure 3 we can deduce that adding the coating (6; # 0) leads to the shifting of zero value of reflection

coefficient Rp (displacement of @, ) closer to the resonant frequency Q, =1.0.

It is known that in the regular situation with no coating, the effect of the reflectionless incidence of the p-polarized
electromagnetic waves takes place when the frequency value is either close to @, =0.976 or @, ~1.025 [6]. The

thickness value should be also shifted to 0, ~2.224.

Let us now consider what happens with @, after introducing the coating for the metasurface. The Figure 4 describes
the relation w,(¢,) (left-hand ordinate axis, solid lines) and 6,(¢,) (right-hand ordinate axis, dashed lines) that met
R, =0 condition for ¢=0°, =45, &5 =2.0, &, ~2.224 . It can be discovered from the graph that both w, (&,) and
0,(&,) are monotonically decreasing functions. Horizontal dashed line on the Figure 4 corresponds to the value o,

when no coating covering metasurface. Thus, by increasing &, the frequency value w, at which reflectionless

propagation of the p-polarized electromagnetic waves takes place is approaching to the resonant frequency Q, =10.
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Figure 4. Dependencies @, (&,) (left-hand ordinate axis solid lines) and &) (¢, ) (right-hand ordinate axis, dashed lines)
corresponding to RI7 =0 for ¢=0°, 0=45°, &, =2.0, 5, ~2.224
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Figure 5 using a solid line describes dependency R, (@) for the particular situation when ¢ =0,6 =45°, ¢, = 2.0,
£3=2.0, 6, #0.716, 5, ~2.224. Similarly to the figures above, the graph also shows same dependency R, (o) for the

case with no coating 0, =0.
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Figure 5. Dependency R, (@) for $=0°, 8=45° ¢, =2.0, & =2.0, 5, =2.224 for §; =0.716 (solid line) and &, =0
(dashed line)

By using the Figure 5 we can deduce that incorporating the coating causes shifting of zero value of R, closer to the

resonant frequency €3, . By increasing the dielectric permittivity of the &, effect of non-reflective incidence of the

p-polarized electromagnetic waves arise on the lower frequencies @, and higher thicknesses o, of the dielectric layer.

We also studied the changes introduced by adding coating for the case when the plane of incidence of the p-polarized
electromagnetic waves makes the right angle with the principal axis of plasmonic metasurface (@ =90°). Similarly to the

previous cases we considered the following: 6 =45°, ¢; =2.0.1If 8, = 0.377 and the coating is absent the effect of the
reflectionless propagation of p-polarized electromagnetic waves takes place at the frequency @, ~1.176 . Extending the
solid-state structure with the coating leads to the change of @, . Figure 6 shows dependencies o, (¢,) (left-hand ordinate
axis, solid line) and &;(&,) (right-hand ordinate axis, dashed line) for R, =0 when ¢=90°, 0=45°, &, =20,
0, =0.377 . It can be seen from the graph that the dependency @, (s,) is monotonically increasing function. However,

0,(&,) monotonically decreases. Horizontal dashed line on the Figure 6 corresponds to the @, =1.176 , when there is no

coating. It should be noted, that by increasing &, the value @, approached to the resonant frequency €, =1.2 , unlike
0, which is decreasing.
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Figure 6. Dependencies @ (&, ) (left-hand coordinate axis, solid lines) and &, (¢, ) (right-hand ordinate axis, dashed lines)
corresponding to R, =0 for ¢=90°, 0=45°, £3=2.0, 6, ~0.377
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Let’s set J, ~2.224 . Then for solid-state structure with no coating reflectionless incidence can be observed at the
frequency w, =~1.225. Figure 7. shows the dependencies @,(&,) (left-handed ordinate axis, solid line) and &,(s,)
(right-handed ordinate axis, dashed line). From the graph we can deduce that both dependencies w,(&,) and d,(¢,) are

monotonically decreasing functions. Also, it’s possible to see that by increasing ¢, the quantity of @, advances to the

resonant frequency Q| =1.2.
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Figure 7. Dependencies @, (&, ) (left-handed ordinate axis, solid line) and &, (&, ) (right-handed ordinate axis dashed lines)
corresponding to Rp =0 for $=90°, 6=45°, £3=2.0, &, ~2.224

4. CONCLUSIONS
It was shown that the dielectric coating of the solid-state structure uniaxial-plasmonic metasurface-dielectric-metal
significantly influence the effect of reflectionless incidence of the p-polarized electromagnetic waves. The conditions
were studied under which the effect of the non-reflective incidence of p-polarized wave can be observed depending on
the dielectric permittivity of the coating. We established that increasing coating permittivity causes the frequency at which

the effect arising to shift closer to the resonant frequency Q, (for ¢ =0°) or to the frequency Q, (for ¢ =90°).

In addition, the thicknesses of the coating J; were founded required for the reflectionless incidence of p-polarized
wave. We also analysed dependency between d; and dielectric permittivity of the coating &, . It was determined that by
increasing the permittivity of the coating &, , we end up with lower thickness &, , that is required to observe the effect of

non-reflective incidence. Moreover, we found that, this holds true not only for the case when the plane of incidence of
the electromagnetic wave is parallel to the principal symmetry axis of plasmonic metasurface (@ =0°), but also if the

plane of incidence is perpendicular to the principal symmetry axis (@ =90°).

Studied effects can be applied for designing conceptually new types of optical and nanoelectronic equipment with
unique practical characteristics.

ORCID

Mykola M. Biletskiy, https://orcid.org/0000-0002-3194-7251; ©Ivan D. Popovych, https://orcid.org/0009-0000-2539-0373

REFERENCES

[11 K. Sakoda, Electromagnetic Metamaterials. Modern Insights into Macroscopic Electromagnetic Fields, (Springer, 2019).
https://doi.org/10.1007/978-981-13-8649-7

[2] B.E.A. Saleh, and M.C. Teich, Fundamentals of Photonics, (Wiley, 2019).

[3] J.Hao, Y. Yuan, L. Ran, T. Jiang, J.A. Kong, C.T. Chan, and L. Zhou, “Manipulating Electromagnetic Wave Polarizations by
Anisotropic Metamaterials,” Phys. Rev. Lett. 99, 063908 (2007). https://doi.org/10.1103/PhysRevLett.99.063908

[4] N.N. Beletskii, and I.D. Popovich, “Influence of uniaxial plasmon metasurface on antireflection properties of dielectric layer,”
Radio Physics and Radio Astronomy, 27(1), 75-80 (2022). https://doi.org/10.15407/rpra22.01.075 (in Ukrainian).

[ST M.M. Beletskii, and I.D. Popovych, “Changes in Electromagnetic Wave Polarization Resulting from its Reflection at a Uniaxial
Plasmonic Metasurface on Top of a Dielectric Layer,” Radio Physics and Radio Astronomy, 27(2), 73-80 (2022).
https://doi.org/10.15407/rpra22.02

[6] M.M. Beletskii, and I.D. Popovych, “Non-refl ective incidence of p-polarized electromagnetic waves on the solidstate structure
"uniaxial plasmonic metasurface-dielectric layer-metal”,” Radio Physics and Radio Astronomy, 28(2), 166-173 (2023).
https://doi.org/10.15407/rpra28.02.166



98
EEJP. 2 (2024) Mykola M. Biletskiy, et al.

HAXIHHA BE3 BIIOBPAKEHHSI p-TIOJISPU3OBAHOI EJJEKTPOMATHITHOI XBHAJII HA TBEPAOTLIIBHY
CTPYKTYPY “IIOKPUTTS-OJHOBICHA-IIVTASMOHHA METATTIOBEPXHS-AIEJJEKTPUK METAJIL ”
Muxona M. Bineubkuii, Ian /1. IllonoBuy
Inemumym paodioghisuxu ma enexkmponiru im. O.A. YVcuxoea HAH Ykpainu, 12, eyn. Axao. Ilpockypu, Xapxis, 61085, Yrpaina
VY poboTi mocmimKeHi eeKTH, 0 BUHUKAIOTh IPH MaAiHHI P-NIOISIPH30BAHOI €ICKTPOMATHITHOI XBIJI HA TBEPIOTUIBHY CTPYKTYpY
“IHOKPUTTS-OJTHOBICHA IUIA3MOHHA METAllOBEpXHs-TieNeKTpik-Meran”. MeToo poOOTH € JOCHIKEHHS BIUIMBY IOKPUTTS
TBEpAOTLIFHOI CTPYKTYpH “‘ONHOBICHA IUIA3MOHHA METANOBEPXHS-MICNIEKTpIK-MeTan” Ha eQeKT MHagiHHS pP-TOJIIPU30BAHUX
CJICKTPOMATHITHUX XBHWJIb Oe3 BimoOpakeHHs. [l 3HaXOMKEHHS YMOB BHHUKHEHHS e(eKTy NamiHHA Oe3 BimoOpakeHHS p-
MOJIIPU30BaHO] EJICKTPOMArHITHOI XBWJII Ha CTPYKTYpY “TOKPHTTS-OJHOBICHA IUIa3MOHHA METANOBEpXHs-AieNeKTpik-meran” Oyio
BUKOPHCTAHO YHCEJIbHE MOJEIIOBAHHA. 32 JIOMOMOIOI0 LbOTO METOAy OyJ0 BH3HAYEHO NapaMeTPH MOKPUTTS, L0 JAI0Th 3MOTY
crioctepirat eekt nmagiHHsa 0e3 BimoOpakeHHs P-TOJISIPHU30BAHUX EIEKTPOMATHITHUX XBWIIb. Byno 3HaiiieHo, IO AieNeKTpUYHE
MOKPHUTTS TBEPAOTUIBHOT CTPYKTYPH, SKa PO3IIIsAaiacs, Mae iCTOTHUH BIUIMB Ha edekT 0e3Bin0iBHOTO MajiHHS P-NOIAPU30BAHUX
xBuIb. [IokazaHo, O AieNEeKTPUYIHA IPOHUKHICTH HOKPUTTS 3MIHIOE YaCTOTY CIIOCTEPEKEHHS IbOTo eeKTy. Bu3HaueHa 3aexHICTh
MDK IIPOHUKHICTIO Ta TOBIIMHOIO OKPUTTS, sIka HEoOXiJHA IS BUHUKHEHHS epexTy nmamiHHs 6e3 BioOpaskeHHs P-TIOISPU30BAHIX
€JIEKTPOMArHITHUX XBWIb. [IpoBesiene B poOOTI TOCIIIKEHHSI Ma€ BEJIMKUI HAYKOBHII Ta MpaKTHIHUM iHTepec. Jlocimikeni B poboTi

CTPYKTYPHU MOXHA BUKOPHUCTATH JUIsl CTBOPEHHS! IPUHIUIIOBO HOBUX IIPHCTPOIB ONTHKH Ta HAHOETIEKTPOHIKH.
KirouoBi ciioBa: dienexkmpuune nokpumms, p-noasipu3oeaHi eneKmpomasHimmui Xeuni; 00HO08ICHA NIA3MOHHA MeMAano8epxHs, NaoiHHA
6e3 gi0obpasicenns





