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The research proposes an approach to solving the problem of selecting layered nanocomposite components
with given electrical properties. The known methods for modeling the nanocomposites electrical characteristics
are based on a preliminary analysis of such characteristics as the dielectric constant and electrical conductivity
of the materials that make up a nanocomposite. The study proposes an algorithm for the selection of
components of a layered nanocomposite using a genetic algorithm. Mathematical modeling of nanocomposite
electrical properties is carried out using an effective medium model. We consider composite materials based
on nanoporous silicon and partially oxidized porous silicon as an example. We have analyzed the frequency
dependences of the dielectric constant and nanocomposite electrical conductivity when interacting with
electromagnetic radiation. We have also studied efficiency of the proposed method depending on the rate of
convergence and various parameters (mutation coefficient, population size, etc.). We developed a software
package for modeling the electrical properties of a nanocomposite using a genetic algorithm. The results of
the research can reduce the time and cost of creating new functional materials.
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INTRODUCTION

Layered nanocomposites are promising
materials that are used in applied science
(aircraft industry, astronautics, microelec-
tronics, radar, etc.). Recent studies [1-3]
show high potential for the development of
design and prediction methods for nanocom- ng| o
posites with specified electrical properties.
Works [4,5] present the problem of nanocom-
posite electrical properties modeling using k

the effective medium model (Fig. 1), the Fig. 1. Structure of layered nanocomposite
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essence of which is that a heterogeneous medium is considered as homogeneous with the
same level of polarization. Such model has been proved in numerous experiments [6,7],
however, it has several limitations, for example, the wavelength of external radiation
must be an order of magnitude larger than the dimensions of the inhomogeneities that
make up the nanocomposite medium. In addition, with an increase in the number of
components that make up a nanocomposite, the number of model parameters increases,
which is reduced to solving polynomial equations of higher orders. When using algo-
rithms for sequential search for roots, we can observe high computational error. Methods
of simultaneous search for roots (the Abert - Erlich method [8] and the Duran — Kerner
method [9]) solve this problem, however, the computation time increases, which is an
important factor when conducting express analysis and observing lack of access to high-
performance computing systems. In some cases, to simulate nanocomposites electrical
properties we can use the method of equivalent circuits, where the nanocomposite com-
ponents are represented as electrical equivalents [10]. The essence of the method lies in
the possibility of using the theory of electrical circuits methods, where the task is partly
solved at the stage of its formulation. In works [11,12] electrical properties were modeled
using quantum mechanical methods of calculation (for example, Agranovich — Ginsburg,
Kudo — Greenwood methods), which provide the most accurate results, but also require
more computational power compared to other methods of modeling.

Today, researchers in the field of mathematical modeling of nanocomposites use
specialized software systems, such as Gaussian, Abinit, GAMESS, SIESTA, and others.
As a rule, the indicated modeling methods and their toolsets are aimed at solving the
problem of direct determination of property of the resulting nanocomposite. One of
the urgent tasks is the selection of nanocomposite material composition that satisfies
a number of properties, for example, the dielectric constant, electrical conductivity,
etc., depending on the frequency of external electromagnetic field, which is an inverse
problem. Automating the process of finding the optimal composition of a nanocomposite
is an important area at the crossroads of information technologies and materials science
[13], which allows reducing the time and cost of designing and creating new materials
with desired properties.

In the present study, the search for nanocomposite components with the required
properties is implemented using a genetic algorithm [14], which is heuristic.

1. MATHEMATICAL MODEL OF A LAYERED NANOCOMPOSITE

A layered nanocomposite consisting of two different materials is the object of the
present study (Fig. 1). The nanocomposite is described by the following parameters: ¢
is the complex dielectric constant; o is electrical conductivity; d is the width of the
block entering into the plane-parallel layer, consisting of 2 material types (a grey block
and a white block, respectively; n is the layer number (the index corresponds to ordinal
numbering); a, b, ¢ are the length, width and height of the nanocomposite. The values
¢ and o are parameters that depend on the composition of the nanocomposite and the
wavelength of the incident radiation A. The alternation of blocks, which correspond to
certain msterials and constitute the nanocomposites, occurs as the layer number grows.
The values of the parameters d, a, b, ¢ can be controlled.

An effective medium model is proposed to be used as a simulation for the dielectric
constant and electrical conductivity of the research object, since we consider a com-
posite medium with parameters for which the use of this theory is permissible within

218 HayyHbir otaen



R.P.Kim, 5.P. Romanchuk, D.V.Terin, 5.A. Korchagin. The Use of a Genetic Algorithm @

the framework of the study. We view the layers including blocks of 5 to 40 nm width.
The wavelength of electromagnetic radiation is an order of magnitude larger than the
block sizes (from 400 to 1000 nm). In this research an anisotropic medium is inves-
tigated, radiation propagates perpendicular to the layers, therefore, the corresponding
pixel permittivity will appear as the tensor:

€effoa 0 0
Eeffi; = 0 eerpyy, O = f(€ij1>€ijnr A)
0 0 eerr..

where €;;,, €;;, is dielectric constant tensor of the blocks of Ist and 2nd material types,
respectively. For the components of the tensor e.sy,,, €eff,,:

o= 21 GO
o ZZ:1 A

n —1 -1
- Zk:lgijkAk
Eeff = W )
k=1

i.e. for the investigated nanocomposite that consists of 2 materials:

for eepy,.:

_ _ -1
- _ Eamay F Eamin, - _ Eypas T Eymas - _ 8zz11A1 + gzzle2
ef fox A1+A2 ’ ef fyy A1—|—A2 ) effzz Al +A2
The nanocomposite conductivity tensor will have the form:
Ocffor 0 0
Teffi; = 0 oes,, 0 = [ (041, 0ij, A)
0 0 Ocffa.

where o;;, is the conductivity tensor of the blocks of the Ist and 2nd material types,
respectively. The effective conductivity is found from the basic macroscopic equations
rot E = 0, divj = 0 and Ohm’s law: j = oF. When substituting averaged magni-

tude <fV?EdV>' with the integral of the electric field strength FE; inside a separate

block placed in a layer with conductivity tensor o.;y we obtain basic equation for the
conductivity model:

> viloess —0i) (E), =0,
=1

where v; is the dimensionless concentration of the 7 component (3-" , v; = 1).
Models for a layered structure corresponding to the components oy, , ocyy,, are of
the form:

j = (Alo_fﬁxl + AQJIIQ)E> Ocf foau — Algxxl + AZO_CEIQ'

For o.¢s.. component:

A A 0221022
EZ]( L4 2), Octf., = 122z

Uzzl Uzzg Algzzl + AQUZZQ
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2. GENETIC ALGORITHM

The genetic algorithm is a method of optimization [15], which is based on the imi-
tation of natural selection processes. We propose using genetic algorithm in this study.
The algorithm helps to solve the problem of searching for the composition of a layered
nanocomposite with specified electrical properties. The genetic algorithm works with a
finite set of solutions generating new data by applying selection, mutation and crossing
operators. Output, external and internal parameters are a quantitative assessment of the
object properties.

The external parameters z = (1, xs, ..., z,) affect the research object (external elec-
tromagnetic radiation) and are defined as constants or functions. Internal parameters
or control variables ¥ = (y1, %o, ..., ;) (composite composition, geometric parameters
of blocks, etc.) describe the internal state of the object and take combination of values
y € Y. Output parameters or quality parameters of the object z = (21, 22, ..., zx) (the
dielectric constant or electrical conductivity of a nanocomposite) provide a numerical
estimate of the nanocomposite properties and depend on the control variables z = z(Y)
To solve the problem, it is necessary to choose the most accurate solution based on
quantitative index ¢ (¢ (V) € o). Where ¢ is the output parameter scale ;. The choice
of the best solution comes down to the choice of those solutions that match the low-
est value of the criteria p(¢’ = ¢(Y’) = mingep ¢(Y)), where Y’ is the best solution,
@' = o(Y") is the lowest value of the criteria in the search field. As a result it is neces-
sary to find such nanocomposite composition, where the value of the dielectric constant
(conductivity) is as close as possible to the given one.

Development of the algorithm begins with the use of the smallest indivisible unit of
a species subjected to evolutionary transformation. This is an individual species, which
is a layered nanocomposite. It is represented by a vector of internal parameters or a

genotype. A phenotype (a manifesta-

Generating tion of external features) appears in

a population the case individual’s interaction with

I external environment. This pheno-

| Cross-breeding type is characterized by individual’s
adaptation. Thus, there is a criterion

! for assessing one individual in rela-
Mutation tion to the others. The set of individ-
uals with a similar genotype consti-
tute a population, the area of which
is the set, where individuals are lo-
cated. Fig. 2 shows a general view
of the genetic algorithm consisting
of several main phases: generation,
crossing, mutation, selection.

In the initial stage we generate
the starting population and assess
adaptability of an individual species.
We calculate the objective function
for this purpose. The next stage
is cross-breeding and increasing the
size. The population size depends on

i

Selection

Adaptability

level is

Algorithm is completed

resources are released

Fig. 2. General view of the genetic algorithm
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the choice of a cross-breeding mechanism, so the population can double, triple or grow
in any proportion. The genotype that determines descendants of individuals varies, i.e. a
new generation goes through a phase of mutation, which can take place either randomly
or according to a predetermined algorithm. The next stage is the analysis of adaptability
(we calculate the objective function of a nanocomposite and decide to what extent the
obtained characteristics are approximate to the desired ones).

The analysis of adaptability is carried out for each individual in the next stage.
Only the fittest individuals remain in the population, the rest are killed. If we find
nanocomposite composition with the desired properties in this stage, the process stops,
otherwise we perform transition to the cross-breeding stage.

We have implemented the genetic algorithm in the programming language C ++.
Fig. 3 shows the main classes of the developed software package.

The Evolution class mo- ]
dels evolution process (cross- Evolution Materials G_manager Genotype
ing, mutation, selection). We ——1
have developed the Materials | P_manager Person G_001 G.N
class that allows us to use the
properties of materials. This M _creator Model A_creator Algoritm
class allows to obtain char- —
acteristics of various materi- | podel 1 1| [Model N M| | Algoritm 1| |Algoritm N
als and compounds depending —
on the wavelength of external Fig. 3. Class hierarchy

electromagnetic radiation (we have downloaded the data about the properties from the
source [16]).

We have created and configured a genotype (the Genotype class) for the current
task before initiation of the evolution process. Settings and management of a genotype
are performed using the G-Manager class. Genotype contains a set of genotypes for
various composites (structure, number of components, shape of inclusions). Then we
have a generated population (the Person class) and the evolution process starts. We
have developed the Model class for the objective function. This class encapsulates a
method for calculating composite properties and the Algorithm class for implementing
numerical methods to find the roots of polynomial equations with complex variables.

Fig. 4 shows the block diagram of the implemented genetic algorithm of the developed
software package.

3. RESULTS OF A COMPUTATIONAL EXPERIMENT

We have considered the task of selecting layered nanocomposite components (the
object of the present study) as a computational experiment. The research object
should satisfy the following properties: the dielectric constant must be varied within
gefr €10,2:0,8] at the wavelength of external electromagnetic radiation A € [400; 1000].
The results of the calculations have showed that the most suitable materials are
TiOy — Si05 components. Such materials can be used for creating a nanocomposite
with the characteristics and structure considered as the research object. Fig. 5 shows
graphs of the 70O, — Si0, nanocomposite dependencies on the wavelength of the electro-
magnetic radiation. The graph shows that only a nanocomposite with parallel connection
of layers corresponds to the conditions of the problem.
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Fig. 4. Block diagram of the implemented genetic algorithm [17]

e Received information about the
15 composition of the material allows to
0.8 conduct additional computational ex-
1 . . . . .
06 periments which will provide addi-
tional information about the nanocom-

0.41

posite, for example, the dependence
0.21 5 of the complex dielectric constant on
o4 . N TiO, volume fraction entering into the

400 460 520 580 640 700 760 820 880 940 A,nm  panocomposite (Fig. 6).
Fig. 5. The dependence of the dielectric constant The results of the genetic algorithm
on the wavelength of electromagnetic radiation: affect such parameters as population
I — parallel connection of layers, 2 — series size, mutation probability, etc. We have
connection of layers analyzed the effect of these parameters.
We have generated 100 experiments with random characteristics of the genotype and
the same objective function for each population from 10 to 500 individuals in increments
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of 10. The number of iterations has limited evolution. Population size influences the con-
vergence rate of the genetic algorithm. High population size allows you to describe the
largest possible area for solution variants and perform more calculations per iteration.

e/l
1.2
e//\ ] 2
0.3 1
2 1
02 0.8
0 01 02 03 04 05 06 0.7 08 volume 0 01 02 03 04 05 06 0.7 08 volume
a b

Fig. 6. The dependence of the real (a) and imaginary (b) parts of dielectric constant on the
volume fraction: I — parallel connection of layers, 2 — series connection of layers

CONCLUSION

The research presents the possibility of using genetic algorithm in problems of mod-
eling the electrical properties of a layered nanocomposite. We have developed a software
package to solve the problem of predicting the electrical properties of a nanocomposite.
The software package allowed us to carry out a computational selection experiment on
finding optimal components for creating materials with specified characteristics. The
obtained results can reduce time and cost of creating new functional materials.
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B ctatbe paccmatpuBaeTcsi NOAXO/A K PeLeHnio 3afaqn noabopa KOMMOHEHT COUCTOr0 HAaHOKOMMO3KTa C
3a/1aHHBIMM 3MEKTPUHECKIMI CBOACTBAMM. VI3BECTHBIE METOALI MOAENMPOBAHIS ANEKTPUYECKMX XapaKTe-
PUCTUK HAHOKOMMO3TOB OCHOBaHbI Ha NPeBapPUTENIbHOM aHa3e TaKiX XapakTepUCTUK, KaKk A13NeKTpuye-
cKasi NPOHMLIAEMOCTb U 3N1EKTPONPOBOHOCTb MATEPUasoB, BXOASILIMX B COCTaB HaHOKoMMo3uTa. B pabote
npennaraeTcs anroputM noadopa KOMMOHEHT CMIOUCTOr0 HAHOKOMMO3WTA C UCMOb30BaHNEM FeHeTIYe-
cKkoro anroputMa. MatemaTnieckoe MoLeNNpoBaHNe dNEKTPUYECKMX CBONCTB HAHOKOMMO3uTa (B Ka4ecTse
npyuMepa paccMoTPeHbl KOMMOULIMOHHBIE MaTepuasbl Ha OCHOBE HAHOMOPUCTOTO KPEMHMUSI 11 YACTUYHO
OKWCNIEHHOrO MOPUCTOrO KPEMHUS!) OCYLIECTBASIETCS C MCMONb30BaHUEM MOLENN 3CIXPEKTUBHOI CPEeLbl.
MpoBeaeHbl aHann3 4acTOTHBIX 3aBUCUMOCTEN AMANEKTPUHECKON NPOHNLIAEMOCTI U 3NEKTPONPOBOAHOCTH
HaHOKOMMO3WTa NPY B3aMOLENCTBIN C SNEKTPOMArHUTHLIM U3NyYEHIEM, @ TAKXKE aHal3 3GDEPEKTUBHOCTH
NPeOXEHHOr0 METOAA B 3aBUCMMOCTY OT CKOPOCTY CXOXAEHUS U Pa3NnyHbIX NapameTpoB (Ko3aghepuum-
eHTa MyTaLum, YACNEHHOCTI NONYAsiLMIA 1 NpoY.). PaspabotaH nporpaMMHbIA KOMMNEKC MOAENMPOBaHNS:
9NEKTPUYECKMX CBOICTB HAHOKOMMO3WTA C UCMONb30BaHEM FEHETUHECKOrO anroputma. MonyyeHHble pe-
3yNbTaTbl MOFYT COKPATUTL CPOKIA 11 N3LEPXKI CO3AaHUS HOBBIX (PYHKLIMOHAMBbHBIX MaTepianos.

KntodeBble crnoBa; reHeTnyecKuil anropuTtM, matematnyeckoe moaenmposaHue, CMOWCTBLIA HAHOKOMMO3NT,
ﬂpOFpaMMHbIVI KOMMnekc, moaenb SCpCpeKTVIBHOVI cpenbl.
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