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MODELING OF AN ELECTROMAGNETIC RESPONSE OF SINGLE-LAYER
NANOCOMPOSITE COATINGS

The spectral characteristics of the electromagnetic response of single-layer nanocomposite coatings based
on metal-dielectric structures in the optical range A =0.2-1.1um are calculated. Effective permittivity is
determined based on the approximation of the effective environment. A comparative analysis of electromagnetic
response of model nanocomposite structures calculated based on experimental values of optical parameters of
nanosized nickel particles and values of nickel in a macroscopic volume with experimental results was carried out.
It is shown that taking into account the experimental values of the electromagnetic parameters of nanosized metal
particles increases the accuracy of prediction of the electromagnetic response of nanocomposite metal-dielectric
structures.
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0.B. MAUVYJISHCBHKUI, B.B. BABUY, B.0. MAUYJISSHCbKUI

HauioHansHuit TeXHIYHUI yHIBEpCUTET YKpaiHK
"KuiBcbkuii mositexHiuHmii iHcTUTYT iMeHi Irops Cikopcpkoro"

MOJAEJIOBAHHSA EJIEKTPOMATHITHOI'O BIATI'YKY OJHOIIAPOBUX HAHOKOMITIO3UTHUX
IIOKPUTTIB

Pospaxoeani  cnexmpanvhi  XapakxmepucmuKku — eleKmpOMACHIMHO20 — GIOZYKY — HAHOKOMNO3UMHUX
O0OHOULAPOBUX NOKPUMMIE HA OCHOBI MeMAN00ieleKmpUUHUX cmpykmyp 6 onmuyromy oianazoni A = 0,2 — 1,1 mxm.
Busnauena egexmuena Oienekmpuuna NPOHUKHICIb HA OCHOBI HAOIUdICEHHS eeKmuUeHo20 cepedosuyd.
Ilposedeno nopisHsanbHUll  AHANI3  ENeKMPOMASHIMHO20 BIO2YKY MOOEIbHUX HAHOKOMNOZUMHUX —CIPYKNLYD
PO3DPAXOBAHUX HA OCHOBI eKCNEPUMEHMANbHUX 3HAYEHb ONMUYHUX NAPAMEmPi6 HAHOPOIMIPHUX YACTUHOK HIKeNo
ma 3HaueHv, SKI XAPAKmMepHi HIKeN0 6 MAKPOCKONIYHOMY 00°¢Mi 3 eKCHepUMEHMAIbHUMU Pe3yibmamamu.
Tokazano, wo 6paxysamnHs eKCHePUMEHMATbHUX 3HAYEHb eLeKMPOMASHIMHUX NAPAMEmpI6 HAHOPO3MIPHUX
YACMUHOK Memanié niosuwye OOCMOGIPHICIb RPOSHO3Y8ANHSl €LeKMPOMAZHIMHO20 Gi02YKY HAHOKOMNO3UMHUX
MemanoodieeKmpudHux CmpyKmyp.

Kniouogi cnosa: HAHOKOMNO3UMHI NOKPUMMSL, el1eKMPOMACHIMHUL  8I02YK, MemanodieleKmpuyHi
CMPYKMYypU, 4uceibhe MoOOe08aANHs.

A.B. MAUYJISIHCKUU, B.B. BABbIY, B.A. MAUYJISSHCKUI

HauunoHanbHbli TEXHUYECKUH YHUBEPCUTET Y KPaHHBbI
"KueBckuii monmrexHnuecKuii ”HCTUTYT uMeHHn Urops Cukopckoro”

MOJEJIMPOBAHUE 3JIEKTPOMAIHUTHOI'O OT3bIBA OJTHOCJIOMHBIX
HAHOKOMITIO3UTHBIX IOKPBITUHU

Paccuumanvt  cnekmpanvhvle Xapakmepucmuky  d1eKMPOMASHUMHO20 OMKIUKA ~ HAHOKOMAO3UMHBIX
OOHOCIOUHBIX NOKPHIMULL HA OCHO8E MemAlIoOUINEKMPUUECKUX CIMPYKMYp 6 onmuyeckom ouanasone A= 0,2 —
1,1 mrm. Onpedenena 3hpexmuenas OusieKmpuyecKas NPOHUYAEMOCMb HA OCHO8e NPUOIUNCEHUsL IPPeKmuUHOU
cpeow. [Iposedern CPpasHUMENbHbLL AHAAU3  INEKMPOMACHUMHOZO OMKIUKA MOOETbHbIX HAHOKOMNOZUMHBIX
CMPYKMYp PACCUUMAHHBIX HA OCHOGE IKCHEPUMEHMANIbHBIX 3HAYEHUL ONMUYECKUX NAPAMEmpOs HAHOPA3MEPHBIX
yacmuy HuKeus U 3HA4eHUll, XAPAKMEPHLIX HUKENO 6 MAKPOCKONUHECKOM 00beme ¢ IKCNePUMEHMALbHbIMU
pesynomamamu.  Tlokazano, umo yuem OKCNEPUMEHMALbHbIX 3HAYCHUL 21eKMPOMAZHUMHLIX NAPAMEMPOs
HAHOPA3MEPHBIX HACMUY MEMAanlo8 Nosbiuaem 00CMO8EPHOCHb NPOSHOSUPOBAHUS INEKMPOMASHUMHO20 OMKIUKA
HAHOKOMNOZUMHBIX MEMALLOOUIICKIMPUUECKUX CIPYKIMYP.

Kniouesvle cnosa: HAHOKOMNO3UMHbIE NOKpbIMUS, NEKMPOMASHUMHBLLL OMKIUK,
MEeMALI0OUINEKMPULECKIUE CIMPYKINYPbL, YUCTEHHOE MOOETUPOSaHUe.

Problem statement. Analysis of recent researches and publications

The rapid development of modern science and technology necessitates the research and development of
new materials with given electromagnetic properties [1-4].
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Applied application of such materials is constantly expanding, covering such areas as electronics,
information technologies, optoelectronics, power engineering and others. Of particular interest is paid to the
development antireflection and selective coatings for renewable energy converters, multifunctional coatings [5-9].
For example, multifunctional coatings have the functions of shielding electromagnetic radiation in the microwave
range and at the same time are transparent in the visible region of the spectrum [10].

Analysis of scientific and technical literature shows that for solving such problems, mainly used multilayer
interference structures [8]. In particular, multilayered interference structures consist of alternately placed thin metal
layers, and dielectrics that transparent in the visible and infrared electromagnetic radiation range. However, such
structures have drawbacks, namely: the complexity of manufacturing technology and precision control of multilayer
structures; insufficient mechanical strength; degradation of parameters, etc. [8, 11].

A promising option for solving these problems is the use of metal-dielectric composite materials containing
nanoscale metal inclusions, which are distributed in the dielectric matrix. By varying the material and microstructure
of the matrix and the filler, it is possible to change the electrophysical properties of the composite [6-8].
Multifunctional coatings based on nanocomposite materials have better characteristics than traditional multilayer
structures.

However, many material and methodological issues related to the design and manufacture of such systems
remain unresolved. Not received sufficient coverage of the influence of the properties of nanosized inclusions and
the material of the dielectric matrix on the electromagnetic response of the entire structure as a whole [12, 13].

From the point of view of the properties of nanosized metal inclusions, it is important that the reduction of
their size below a certain value, the electrophysical parameters (electric polarizability «, permittivity &, etc.) become
dimensionally dependent and differ from the corresponding characteristics of the metals in the macroscopic
volume [3, 14]. At the same time, the mechanisms of optical absorption in such metal-dielectric structures are
insufficiently studied. In particular, the role of the dimensional dependences of the optical parameters of metal
inclusions in the absorption of nanocomposite structures has not yet been clarified [9, 12]. It should be noted that the
experimental data on the optical properties of nanoscale metal inclusions are extremely limited [14, 15]. Therefore,
as a rule, applied and fundamental tasks for the development of nanocomposite structures and optimization of their
characteristics are solved provided that the electrophysical parameters of the nanosized metal inclusions are identical
to their values in macroscopic volume [3, 5, 9]. Between the calculated and experimental optical parameters of
nanocomposite structures there are often significant differences [3, 15], which raises the question of the adequacy of
their prediction.

These problems can be solved by modeling the electromagnetic response of nanocomposite structures using
models that take into account the properties of nanosized components.

Purpose of the study

The purpose of this work is the numerical modeling of the spectral characteristics of the electromagnetic
response of single-layer coatings on the basis of nanocomposite metal-dielectric structures using the proposed model
that taking into account the electromagnetic parameters of its components.

Presentation of the main research material
Modeling of spectral characteristics of electromagnetic response of single-layer coatings

To modeling the electromagnetic response of single-layer nanocomposite coatings, an improved model
based on the approximation of the effective environment [16] and the phenomenological theory of optical properties
of thin films was used [17].

The approximation of the effective environment establishes the connection of the effective complex
permittivity of the composite e = g1 - 6otz With the filling factor g and the permittivity of metal inclusions
em = &m1 - iemz that distributed in an isotropic matrix with permittivity &q.

Using an approximation of the effective environment for nanocomposite metal-dielectric structures
involves a number of restrictions [16]:

e  metal inclusions have the shape of the sphere;
o size of the metal inclusions is much smaller than the length of the electromagnetic wave /;
e nanosized metal component is randomly distributed in the material of the dielectric matrix.

In the case of nanosized metal inclusions that distributed on a dielectric substrate, the filling factor is

determined by the microstructural parameters, namely, the average diameter Dy and the surface concentration Ng

of nanosized metal inclusions. And it is defined by the expression [17]:

2
q:”DTfNS (1)

In the case of Bruggheman approximation, the expression of an effective complex permittivity of the
composite has the form [16]:
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In the approximation of the effective environment, there is no connection with the response of the metal-
dielectric structure to the external electromagnetic influence. Therefore, in the model that used in this paper,
phenomenological theory of optical properties of thin films is applied, which connects the parameters of the
structure with its response to the electromagnetic influence. This theory is applied with the following restrictions:
o normal fall of a plane electromagnetic wave to the surface of the film structure;
e  surface dimensions of the film structure are much larger than the length 4;
e thickness of the film structure is less than 4;
e absorbing film with a complex index of refraction n* = n —ik that deposited on substrate that transparent
in the optical range of the spectrum.
Under these restrictions, the expressions for the transmission coefficients T, the reflection from the side of
the film R and the substrate R', absorption A can be written as follows [17]:

Eeff

16n1n2(n2 +k?)

T= K K . , @)
pe +@oe™ +2scosny + 2tsinny
Ro 2 + poe™ +2qcosny + 2rsinny @
e +@oe™ +2scosny + 2tsinny
R = ope’” +ze™ 1 2qcosny - 2rsinny )
peX” +@oe™ 1+ 2scosny + 2tsinny |
A=1-T -R, (6)

where
2=(n-n)2+k%; p=(n+n)?+k?;
s=(n’+ kz)(nl2 + n%) —(n%+k?)- n12n§ +4n1n2k2 ;
g= (n2 + k2)(n12 + n%) —(n2 + k2)—n12n§ —4n1n2k2;
o=(n-ny)? +k?;
r=2k(ny, — nl)(k2 +n? + mny) ;
r=(n+ny)%+k?;
t = 2Kk(ny + 0y )(k? +n2 —myny);

_ 4

P

n — refractive index of the substrate;

k — absorption index of the substrate;
n1iny — respectively, the refractive index of air and substrate.

In this case, the complex permittivity is related with n and k by expressions: & = n? —k? , Ep =2nK.

Thus, the proposed model establishes the relationship between the electromagnetic response of a
nanocomposite single-layer structure with electromagnetic and microstructural parameters of its components.

The object of the modeling is a single-layer nanocomposite coating in the form of monolayer nanosized
metal inclusions that deposited on a dielectric substrate. As a dielectric substrate, fused quartz, which has a window
of transparency from the near ultraviolet to the near-infrared region of the spectrum, is chosen. As a metal
component, nickel is selected, since it is used to solve a number of tasks.

In the case of nanocomposite coatings in the form of monolayers of nanosized metal inclusions on a
dielectric substrate, the value of the permittivity of the environmentea, which contains metal inclusions, is
determined by the expression [18]:
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Examples of the results of calculations of the spectral dependences of the real and imaginary part of the
effective permittivity of the model composite coating based on expressions (1) - (2) are shown in Fig. 1.
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Fig. 1. Spectral dependences of the real (a) and imaginary (b) parts of the complex permittivity of the model composite coatings:
1-¢6a=1,63; 2—-¢a =1; 3—values of ¢ are characteristic of Ni in macroscopic volume

Modeling was carried out under different conditions. In the first case, the value of the dielectric
environment, which surrounds the nanoinclusion of nickel, was calculated by the formula (7), in the second — taken
equal to one. Experimental values of electromagnetic parameters of nanosized nickel particles of Do =5 nm that
present in [14] were used as values of the permittivity of metal inclusions. For comparison in Fig. 1 shows the
spectral dependences of the real and imaginary parts of the complex permittivity of model composite coatings that
calculated from the values of optical parameters characteristic of nickel in macroscopic volume [19].

The results of numerical modeling of the spectral characteristics of response of the nanocomposite coating
on the example of its absorption coefficient A are shown in Fig. 2.
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Fig. 2. Spectral Dependences of absorption coefficient: 1 — model composite coating calculated on the basis of experimental values of
electromagnetic parameters of nanosized particles of Ni; 2 — model composite coating calculated on the basis of values of characteristic
Ni in macroscopic volume; 3 — experimental curve for composite coatings in the form of nanosized film of Ni with a weight thickness of

0.9 nm that deposited on the dielectric substrate

It can be seen that the spectral dependence of the absorption coefficient of the model coating that calculated
based on the experimental values of the electromagnetic parameters of the nanosized nickel inclusions correlates
with the experimental curve. In turn, the spectral characteristic for a model nanocomposite coating that calculated on
the condition that the optical parameters of the metal nanoinclusion have values are characteristic of macroscopic
volumes of metal significantly differ from the experimental curve. This confirms the expediency of using
experimental optical parameters of nanosized metal inclusions to predict the electromagnetic response of
nanocomposite structures.
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Conclusions

The model of electromagnetic response of single-layer nanocomposite coatings is presented, taking into
account electromagnetic and microstructural parameters of their components. Taking into account the reliable
experimental values of the parameters of the metal nanoinclusions when calculating the response of nanocomposite
metal-dielectric coatings to external electromagnetic influence increases the accuracy of the obtained results. Thus,
the necessity of studying the electromagnetic properties of metals in the nanosized phase is shown in order to
increase the accuracy of prediction of the electromagnetic response of nanocomposite metal-dielectric coatings.
Research results are of interest for the development and optimization of single-layer composite coatings and
functional devices based on them with given electromagnetic characteristics.
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