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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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Fig. 1. Structure of layered nanocomposite

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-
posites with specified electrical properties.
Works [4,5] present the problem of nanocom-
posite electrical properties modeling using
the effective medium model (Fig. 1), the
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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: ε

is the complex dielectric constant; σ 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, c are the length, width and height of the nanocomposite. The values
ε and σ are parameters that depend on the composition of the nanocomposite and the
wavelength of the incident radiation λ. 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, c 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
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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:

εeffij
=





εeffxx
0 0

0 εeffyy
0

0 0 εeffzz



 = f (εij1 , εij2 , ∆) ,

where εij1, εij2 is dielectric constant tensor of the blocks of 1st and 2nd material types,
respectively. For the components of the tensor εeffxx

, εeffyy
:

εeff =

∑n

k=1
εijk

∆k
∑n

k=1
∆k

for εeffzz
:

εeff =

(

∑n

k=1
ε−1

ijk∆k
∑n

k=1
∆k

)

−1

,

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

εeffxx
=

εxx1∆1
+ εxx1∆2

∆1 + ∆2

, εeffyy
=

εyy1∆1
+ εyy1∆2

∆1 + ∆2

, εeffzz
=

(

ε−1

zz1
∆1 + ε−1

zz2
∆2

∆1 + ∆2

)−1

.

The nanocomposite conductivity tensor will have the form:

σeffij
=





σeffxx
0 0

0 σeffyy
0

0 0 σeffzz



 = f (σij1 , σij2 , ∆) ,

where σij1 is the conductivity tensor of the blocks of the 1st and 2nd material types,
respectively. The effective conductivity is found from the basic macroscopic equations
rot E = 0, div j = 0 and Ohm’s law: j = σE. When substituting averaged magni-

tude
〈

∫

¤

Vi
E dV

〉

i
with the integral of the electric field strength Ei inside a separate

block placed in a layer with conductivity tensor σeff we obtain basic equation for the
conductivity model:

n
∑

i=1

vi(σeff − σi) 〈E〉i = 0,

where vi is the dimensionless concentration of the i component (
∑n

i=1
vi = 1).

Models for a layered structure corresponding to the components σeffxx
, σeffyy

are of
the form:

j = (∆1σxx1
+ ∆2σxx2

)E, σeffxxu
= ∆1σxx1 + ∆2σxx2.

For σeffzz
component:

E = j

(

∆1

σzz1

+
∆2

σzz2

)

, σeffzz
=

σzz1σzz2

∆1σzz1
+ ∆2σzz2

.
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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 x̄ = (x1, x2, ..., xn) affect the research object (external elec-
tromagnetic radiation) and are defined as constants or functions. Internal parameters
or control variables ȳ = (y1, y2, ..., xm) (composite composition, geometric parameters
of blocks, etc.) describe the internal state of the object and take combination of values
ȳ ∈ Y . Output parameters or quality parameters of the object z̄ = (z1, z2, ..., zk) (the
dielectric constant or electrical conductivity of a nanocomposite) provide a numerical
estimate of the nanocomposite properties and depend on the control variables z̄ = z̄(Ȳ )
To solve the problem, it is necessary to choose the most accurate solution based on
quantitative index ϕ

(

ϕ
(

Ȳ
)

∈ σ
)

. Where ϕ is the output parameter scale γi. The choice
of the best solution comes down to the choice of those solutions that match the low-
est value of the criteria ϕ(ϕ′ = ϕ(Ȳ ′) = minβ∈B ϕ(Ȳ )), where Ȳ ′ is the best solution,
ϕ′ = ϕ(Ȳ ′) 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

Generating

a population

Cross-breeding

Mutation

Selection

Adaptability

level is

reached

Algorithm is completed

resources are released

Fig. 2. General view of the genetic algorithm

genotype. A phenotype (a manifesta-
tion of external features) appears in
the case individual’s interaction with
external environment. This pheno-
type is characterized by individual’s
adaptation. Thus, there is a criterion
for assessing one individual in rela-
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
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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.

Evolution Materials G_manager Genotype

P_manager Person G_001 G_N

M_creator Model A_creator Algoritm

Model_1_1 Model_N_M Algoritm_1 Algoritm_N

Fig. 3. Class hierarchy

The Evolution class mo-
dels evolution process (cross-
ing, mutation, selection). We
have developed the Materials
class that allows us to use the
properties of materials. This
class allows to obtain char-
acteristics of various materi-
als and compounds depending
on the wavelength of external
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
εeff ∈ [0, 2; 0, 8] at the wavelength of external electromagnetic radiation λ ∈ [400; 1000].
The results of the calculations have showed that the most suitable materials are
TiO2 − SiO2 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 TiO2−SiO2 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]
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Fig. 5. The dependence of the dielectric constant

on the wavelength of electromagnetic radiation:

1 — parallel connection of layers, 2 — series

connection of layers

Received information about the
composition of the material allows to
conduct additional computational ex-
periments which will provide addi-
tional information about the nanocom-
posite, for example, the dependence
of the complex dielectric constant on
TiO2 volume fraction entering into the
nanocomposite (Fig. 6).

The results of the genetic algorithm
affect such parameters as population
size, mutation probability, etc. We have
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.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 volume

1

2
0.2

0.3

e

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 volume

1

2

e

0.8

1

1.2

a b

Fig. 6. The dependence of the real (a) and imaginary (b) parts of dielectric constant on the

volume fraction: 1 — 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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В статье рассматривается подход к решению задачи подбора компонент слоистого нанокомпозита с

заданными электрическими свойствами. Известные методы моделирования электрических характе-

ристик нанокомпозитов основаны на предварительном анализе таких характеристик, как диэлектриче-

ская проницаемость и электропроводность материалов, входящих в состав нанокомпозита. В работе

предлагается алгоритм подбора компонент слоистого нанокомпозита с использованием генетиче-

ского алгоритма. Математическое моделирование электрических свойств нанокомпозита (в качестве

примера рассмотрены композиционные материалы на основе нанопористого кремния и частично

окисленного пористого кремния) осуществляется с использованием модели эффективной среды.

Проведены анализ частотных зависимостей диэлектрической проницаемости и электропроводности

нанокомпозита при взаимодействии с электромагнитным излучением, а также анализ эффективности

предложенного метода в зависимости от скорости схождения и различных параметров (коэффици-

ента мутации, численности популяции и проч.). Разработан программный комплекс моделирования

электрических свойств нанокомпозита с использованием генетического алгоритма. Полученные ре-

зультаты могут сократить сроки и издержки создания новых функциональных материалов.
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программный комплекс, модель эффективной среды.
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