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ABSTRACT

Report has 70 p., 17 fig., 3 tab., 28 references, 4 appendix.
OPTIMIZATION PROBLEMS, SOFTWARE PACKAGE, MODELING, NANOTECHNOLOGY, HIGH PERFORMANCE COMPUTER SYSTEMS
[bookmark: z65]The object of research is two-dimensional crystal structures. 
The main objectives of the project are:
– creation of new methods for solving optimization problems arising in structural materials science;
– implementation on the basis of the developed methods of a software package for solving urgent problems of nanotechnology, focused on high-performance computing systems;
[bookmark: z70]– carrying out a computational experiment aimed at modeling the characteristics of nanomaterials.
The main idea of the project is to develop existing and create new optimization methods aimed at solving problems of modeling the properties of nanomaterials.
Scientific and technical level (novelty): development of new universal hybrid optimization algorithms based on a combination of local and global optimization methods with the ability to adjust the algorithm parameters to the problem being solved.
Applications: structural materials science, creation of new materials.
Implementation recommendations: project results can be implemented in enterprises involved in the development and production of new materials.
Cost-effectiveness and significance of the work; predictive assumptions about the development of the research object: The new model of two-dimensional crystal structures proposed in the project will make it possible to make significant progress in solving problems of modeling the structure and properties of flat crystals.










РЕФЕРАТ

Есеп 70 б., 17 сур., 3 кесте, 28 дереккөз, 4 қосымша.
ОҢТАЙЛАНДЫРУ МІНДЕТТЕРІ, БАҒДАРЛАМАЛЫҚ ҚАМТАМАСЫЗДАНДЫРУ, МОДЕЛЬДЕУ, НАНОТЕХНОЛОГИЯЛАР, ЖОҒАРЫ ӨНІМДІ ЕСЕПТЕУІШ ЖҮЙЕЛЕР
Зерттеу нысаны - екі өлшемді кристалды құрылымдар.
Жобаның негізгі мақсаттары:
- құрылымдық материалтануда туындайтын оңтайландыру мәселелерін шешудің жаңа әдістерін құру;
- жоғары өнімді есептеу жүйелеріне бағытталған нанотехнологияның өзекті мәселелерін шешуге арналған бағдарламалық жасақтаманың әзірленген әдістері негізінде жүзеге асыру;
- наноматериалдардың сипаттамаларын модельдеуге бағытталған есептеу экспериментін жүргізу.
Жобаның негізгі идеясы наноматериалдардың қасиеттерін модельдеу мәселелерін шешуге бағытталған қолданыстағы әзірлеу және жаңа оңтайландыру әдістерін құру болып табылады.
Ғылыми-техникалық деңгей (жаңалық): алгоритм параметрлерін шешілетін мәселеге сәйкестендіре отырып, жергілікті және ғаламдық оңтайландыру әдістерін біріктіру негізінде жаңа әмбебап гибридті оңтайландыру алгоритмдерін құру.
Қолдану: құрылымдық материалтану, жаңа материалдар құру.
Іске асыру бойынша ұсыныстар: жоба нәтижелері жаңа материалдарды әзірлеумен және өндірумен айналысатын кәсіпорындарда жүзеге асырылуы мүмкін.
Жұмыстың экономикалық тиімділігі немесе құндылығы; зерттеу объектісінің дамуы туралы болжамдық болжамдар: Жобада ұсынылған екі өлшемді кристалды құрылымдардың жаңа моделі жазық кристалдардың құрылымы мен қасиеттерін модельдеу мәселелерін шешуде айтарлықтай жетістіктерге жетуге мүмкіндік береді
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TERMS AND DEFINITIONS

In this research report, the following terms are used with corresponding definitions:
MeanShift is a feature space nonparametric analysis technique to determine the location of the maximum probability density, so-called mode search algorithm. The area of application of the technique is cluster analysis in computer vision and image processing. This study uses a specialized Python library.
OpenMP (Open Multi-Processing) is an open standard for parallelizing C ++ programs. Describes the set of compiler directives, library routines, and environment variables for programming multithreaded applications on shared memory multiprocessor systems.
RadiusNeighborsTransformer is a Python library function to transform object X into a (weighted) graph with neighbors closer than a certain radius.
Adequacy of the mathematical model - the coincidence of the properties (functions / parameters / characteristics, etc.) of the model and the corresponding properties of the modeled object.
Verification of the mathematical model - checking the adequacy of the model.
High performance computing systems are applications and work tasks associated with performing resource-intensive computing operations using various resources.
Hexagonal crystal lattice is a lattice, the material of which looks like a prism with the base of a regular centered hexagon.
Hybrid Algorithm is an algorithm that combines two or more other algorithms that solve the same problem, either by choosing one or switching between them during the algorithm.
Global optimization is a branch of applied mathematics and numerical analysis that deals with the problems of finding global extrema of functions. In most cases, the minimization problem is solved.
Global minimum is the extremum of a function at a point whose value is minimal over the entire domain of definition.
Rough modeling of structures is a modeling of structures with low accuracy.
Diffraction maximum is the lightest band obtained when light is incident on a diffraction grating.
Cluster analysis is a classification analysis method; its main purpose is to divide the set of objects and features under study into homogeneous groups, or clusters.
Cluster is a complex union (group) of several atoms or molecules that stand out from other similar molecules and combine into a stable [separate] formation. 
Control sample is a sample of a crystal, the characteristics of which are taken as a basis for modeling and verification.
Piecewise homogeneous material is a material consisting of layers, in which each layer consists of the same atoms located at the same distances, but in different layers the atoms may differ.
Local optimization is an iterative optimization method based on finding a local extremum in a limited neighborhood of the current search point at each iteration and moving the current point to the found local extremum point.
Local minimum is the extremum of a function at a point whose value is minimal in some local domain of definition.
Micro- and nano-sizes - sizes from 10-9m to 10-6m.
Plane crystal, planar crystal structure is a crystal with translational symmetry in only two directions.
Lattice constant is the size of the crystal unit cell.
Tersoff potential - energy of a particle system.
Stream (progr.) is an abstract sequence of instructions or data in general, tied to the corresponding descriptor (can be represented by the name of the stream).
Rectangular crystal lattice is a crystal lattice, the cell of which is a rectangle.
Equilibrium structures are structures with a minimum of free energy
Silicene is a two-dimensional allotropic silicon compound.
Layered heterogeneous structures is an inhomogeneous system consisting of homogeneous parts (phases) separated by an interface.
Phosphorus is a two-dimensional allotropic modification of phosphorus, which is obtained from black phosphorus divided into monoatomic layers.

[bookmark: _Toc54871878]INTRODUCTION

The study of flat crystals began in 1912, when the German physicist M. Laue formulated the conditions for the appearance of diffraction maxima when X-rays pass through crystals [1].
One of the priority directions in the development of modern science is the creation of new materials. Thanks to the development of materials sciences and, in particular, nanotechnology, it was possible to achieve a significant technological breakthrough in many industries. Modern nanomaterials are used in medicine, space and military industries, manufacturing of various types of products, construction and many other fields. Mathematical modeling methods used in materials sciences make it possible to study the properties of various materials numerically without performing a real physical experiment. This approach allows you to achieve significant cost savings and speed up the process of creating new materials. 
When creating new high-tech products in industry, especially when working with objects of micro- and nano sizes, it is necessary to know in detail the characteristics, properties and structure of materials.  It is known that the properties of materials are determined not only by their chemical composition, but also by their structure. The use of optimization methods for numerical simulation of the structures and properties of new materials, based on a detailed understanding of their structure at the atomistic level, is currently very relevant and promising. This project proposes the development of existing and development of new optimization methods focused on a wide class of nanotechnology problems.
The project describes the development of parallel optimization methods for solving a wide class of nanotechnology problems using modern high-performance computing systems and software. In this project, the task of determining the stiffness parameters of plane problems of deformation of heterogeneous layered structures is completed. For this, a significant amount of calculations was carried out using molecular modeling and optimization methods when calculating equilibrium structures within the framework of a discrete concept of the structure of materials.  The scientific novelty of the task is that it is planned to develop new universal hybrid optimization algorithms based on a combination of local and global optimization methods with the possibility of adjusting the algorithm parameters to the problem being solved.  
Materials with a flat crystal structure are widely used in modern industry. A striking example of such a material is graphene - a one-dimensional carbon crystal. Recently, other planar crystals have appeared, for example, phosphorene, silicene, etc. Many works are devoted to the study of such structures and the study of their mechanical properties. In this project, a planar model of the crystal structure is proposed, which can be used both for modeling planar crystals and serve as a basis for rough modeling of layered heterogeneous structures. 
In the project all the major problems have been solved, as reflected in the planned schedule for 2020. 
Results: Developed a program and methods for conducting experimental studies, methods for classifying stationary states of matter based on cluster analysis approaches. 
The used mathematical model is verified, the simulation accuracy is estimated based on comparison with the known values of the physical characteristics of the simulated two-dimensional crystals. The stability of the model to errors of optimization methods and empirical potentials is investigated. The analysis of the efficiency of parallelization of the applied optimization methods is carried out. Prepared atlas configurations obtained by methods of cluster analysis.
The study is carried out according to the approved schedule (Appendix A). 10 articles published for 2020 (Appendix B).
Prepared interim reports:
2018: Development of optimization methods focused on a wide class of applied nanotechnology problems, inv. № AP05133366-OT-18.
2019: Development of optimization methods focused on a wide class of applied nanotechnology problems, inv. № AP05133366-OT-19.









[bookmark: _Toc22292449][bookmark: _Toc54871879]1 General characteristics of the approach

A plane model of a multilayer piecewise homogeneous material is considered. The material is presented in the form of a periodic piecewise homogeneous multilayer structure, within which the types of atoms in different layers may differ [2-3]. The model imposes a number of restrictions on the layer structure:
· each layer consists of the same atoms, different atoms can be in different layers;
· the distances between neighboring atoms in the same layer are the same, but in different layers they may differ;
· in the system under consideration, a group of K parallel layers is distinguished, which periodically repeats in the direction of the y axis;
· the number of atoms in each layer and the total number of layers is considered potentially unlimited.
Figure 1 shows an example of a model in which a group of three layers is repeated. Each layer consists of atoms of its own kind. 

[image: ]
Figure 1 - Two-dimensional model of a piecewise homogeneous material

Within the framework of this model, the position of atoms is determined by the following parameters:
 is a distance between layer i and the previous layer;
  is a displacement of the first atom in layer i with a positive abscissa relative to the zero mark;
 is a distance between atoms in layer i.
 
The set of values of the listed parameters will be called a configuration. The situation when the material is in an unloaded state is considered below. It is required to determine the configuration corresponding to the minimum interaction energy of atoms included in the simulated fragment of the material. 
Two statements are considered (hereinafter - Statement I and Statement II). In both cases, the energy  of a set of atoms located on  neighboring layers is minimized. The parameters of the optimization problem are the variables , constituting a vector of dimension . Thus, the optimization problem to be solved belongs to the so-called problems with parallelepiped constraints and is mathematically formulated as follows:

.                                          (1)

In Statement I, the simulated set includes atoms whose abscissa lies in a given interval . In this case, depending on the values of the parameters defining the configuration, the number and composition of atoms included in the simulated set can change. In Statement II, it is assumed that the atoms included in this set do not change. 
The lattice energy is calculated using the interaction potentials. The energy of a finite set of neighboring atoms ("fragment") is calculated. The energy of a fragment is equal to the sum of the energies of interaction of its constituent atoms with the rest of the lattice atoms. In this work, the Tersoff potential was used with two different sets of parameters, the original [4] and the optimized [5].


[bookmark: _Toc54871880]2 Verification of the considered model

The verification task in modeling the crystal structure is an integral stage of the modeling process, as well as proof of the adequacy of the model and the performance of the program and calculations.
The model is verified as follows:
Stage 1. Checking the source code of the program in order to identify syntax / logical errors. It allows you to prevent incorrect calculations and implicit errors that occur when the wrong sign (addition, subtraction) or minor errors in data type conversion, which some compilers may not explicitly indicate, and thus mislead the researcher about the correctness of the calculations. For more reliable operation of the program in the future, special tests should be developed that cover most of the possible problems and cases.
Stage 2. Checking formulas and calculations. It is carried out according to the scheme: to submit the initial data to the input and compare the result with the control samples, which were calculated in advance for these initial data. If a mismatch occurs in the formulas, changes are made and the verification process is repeated. This check lasts until the discrepancy between the results obtained and the control samples is below a predetermined value. 
After passing through all the stages, it is possible to use new data for which the result has not yet been calculated, but the limitations on it are known.
After verification of the model, it is considered that this model can be used for further research and experiments.

[bookmark: _Toc54871881]2.1 Search for the minimum energy of elements of a fragment of a crystal lattice and determination of its parameters

To search for the minimum energy of atoms of the crystal lattice, the multistart method was used in combination with the coordinate descent method [6]:
1) Login: MSTART (f (x), l, u), where f (x) – objective function; l, u - box limitation.
2) Received a set of points  , where  – random value with continuous uniform distribution over the interval [].
3) Received a set of points  as follows: for everyone  run the method of finding a local minimum, take as a starting point  , add result to .
4) As a result, return 
The scheme of the method is quite simple - a starting point is randomly selected and the method of finding a local minimum is launched from it. As a result, we get a certain number of local minima and, as a result, a solution with the minimum energy value is returned. Taking into account the fact that the multistart method is a non-deterministic method for finding the global minimum and does not guarantee its finding in a finite number of steps, we are forced to take the number of initial approximations with a sufficient margin. 
First, the optimization problem in Statement I is solved, then the best solutions are selected and the solution to the problem in Statement II is started.
Determination of the constant of the crystal lattice and the angles between the main translation vectors is performed as follows:
а) set some radius , atoms located at a distance less than r, will be considered neighbors;
б) for each atom, we determine its neighbors using the function RadiusNeighborsTransformer [7]; and subtract its coordinates from the coordinates of neighboring atoms;
в) using Mean Shift [7-8], we divide all the atoms into clusters, according to the type of atom environment; an example of clustering is shown in Figure 2.
г) we calculate the distances between atoms of the same type and determine the angle between the main translation vectors. we also use MeanShift.

[image: ][image: ]
Figure 2 - Atoms with different types of environment


[image: ]
Figure 3 - The result of clustering atoms by their environment type and the main translational vectors. Blue and green circles are atoms with different type of environment.Black lines are the main translational vectors

[bookmark: _Toc54871882]2.2 Model verification results

The calculations were performed using the infrastructure of the Computer science center of the IU RAS [9]. The multistart method was parallelized using OpenMP directives for 160 threads. For each potential, we obtained 32,000 local minima of the problem in statement I. Then, for 20% of the best values, we solved the problem in statement II.
For the original set of parameters of the Tersoff potential, a solution was found with an energy of -443.73 (-419.42 for statement I). Translation vectors are shown in Table 1.

Table 1 - Translation vectors for the original Tersoff potential
	Statement I
	Statement II

	Vector length
	The angle with the X axis
	Vector length
	The angle with the X axis

	2.29
	0
	2.53
	0

	2.45
	62.18
	2.53
	60

	2.45
	117.82
	2.53
	120

	2.29
	180
	2.53
	180

	2.45
	-117.82
	2.53
	-120

	2.45
	-62.18
	2.53
	-60



As can be seen from Table 1, the use of the problem in statement I leads to some distortion of the lattice associated with a significant influence of the fragment boundaries. These distortions disappear when you switch to setting II. The angles between the main translation vectors coincide with the control samples, and the lattice constant (control value 2.46) is determined with an error of less than 3%.
For the optimized set of parameters of the Tersoff potential, a solution was found with an energy of -1067.49 (-999.59 for statement I). Translation vectors are shown in Table 2.

Table 2 - Translation vectors for the optimized Tersoff potential
	Statement I
	Statement II

	Vector length
	The angle with the X axis
	Vector length
	The angle with the X axis

	1.23
	0
	1.29
	0

	11.52
	90
	13.84
	90

	1.23
	180
	1.29
	180

	11.52
	-90
	13.84
	-90



As can be seen from Table 2, the obtained values are far from the values of the control sample. The ratio of the lengths of the translation vectors is equal to about 1/10. This is due to the fact that the material does not form a periodic structure along the y axis (more precisely, the period is equal to the sum of ).
Analysis of the results of the experiments has shown that the use of the considered model of a flat crystal lattice in combination with the original set of parameters of the Tersoff potential makes it possible to determine the type and constant of the crystal lattice with sufficient accuracy. It can be seen that the solutions to the problem in statement I are close to the control samples, but the errors introduced by the statement lead to an inequality of the X and Y axes, which is not observed in practice. Only consistent use of statements I and II allows you to get the correct result.
The use of optimized parameters of the Tersoff potential leads to the appearance of many "sparse" configurations (either on the Y-axis or on the X-axis). For the best solution found, a rectangular lattice is obtained instead of a hexagonal one. Therefore, in our case, the use of an optimized set of parameters is not recommended.

[bookmark: _Toc54871883]3 Creating an Atlas of configurations using cluster analysis methods

Clustering methods were used to determine the type of crystal lattice obtained as a result of a numerical experiment. Using the multistart method, we obtained 128 thousand local minima of energy, from which we then selected 20% of the best solutions. For each result, we determined the" appearance " of the crystal lattice and divided the results into 16 clusters. Then we analyzed which grid appeared in each cluster.
The energy distribution of 128 thousand configurations of a flat crystal lattice with an energy distribution is shown in Figures 4a, 4b.
	[image: fig2]	 [image: fig3]
a) 1 energy distribution 128 thousand configurations of a flat crystal lattice with energy distribution
b) 2 energy distribution 128 thousand configurations of a flat crystal lattice with energy distribution
Figure 4-energy Distribution of local minima in statement 1

In order to reduce the number of calculations, configurations with energy E ≤ -250.0 were taken, and the minimization problem in statement II was solved for each configuration, provided that this energy is used as an initial approximation. Figure 5 shows that the energy distribution has not changed significantly (especially in the energy range [-350,0, -250,0]), except for the appearance of configurations with energies less than -420,0.

	[image: fig4] 	[image: fig5]
а) 1 local minimum energy distribution
b) 2 local minimum energy distribution
Figure 5-energy Distribution of the local minimum in statement 2

[bookmark: _Toc54871884]3.1 A single configuration analysis

For the resulting configurations, by analogy with the section verification Mat. for example, we have determined how many neighbors each atom can have. A characteristic feature of this set is that it contains both single and multi-neighboring atoms (from one to four).
As a result of clustering the sample by the number of neighbors, 16 clusters were obtained (Table 3), their energy is distributed unevenly, there are peaks and troughs, which can be seen in Figure 6.
Table 3-clustering Result sorted by number of neighbors
	
	n0
	n1
	n2
	n3
	n4
	Emin
	Emax

	0
	
	
	
	X
	
	-502.89
	-303.32

	1
	
	
	
	
	X
	-357.14
	-332.17

	2
	
	
	
	X
	X
	-362.91
	-252.28

	3
	
	
	X
	
	
	-347.21
	-256.83

	4
	
	
	X
	X
	
	-389.12
	-250.06

	5
	
	
	X
	X
	X
	-363.03
	-250.05

	6
	
	
	X
	
	X
	-316.91
	-252.53

	7
	X
	
	X
	X
	X
	-289.43
	-263.91

	8
	X
	
	X
	X
	
	-296.50
	-250.28

	9
	
	X
	
	X
	X
	-294.68
	-252.32

	10
	
	X
	
	X
	
	-319.29
	-250.75

	11
	
	X
	X
	X
	
	-337.76
	-250.07

	12
	X
	X
	X
	X
	
	-315.17
	-250.66

	13
	
	X
	X
	X
	X
	-345.71
	-259.10

	14
	X
	X
	X
	X
	X
	-266.36
	-259.13

	15
	X
	
	
	X
	X
	-257.67
	-257.57



	[image: fig10] 	[image: fig11]
a) Energy distribution of configurations taking into account the number of neighbors for the interval [-502.89, -316.91]
b) Energy distribution of configurations taking into account the number of neighbors for the interval [-316.91, -257.67]
Figure 6-energy Distribution of configurations taking into account the number of neighbors

Next, we analyzed the configurations contained in each cluster.
To do this, the data were collected in a single sample and grouped into three clusters with the following energy intervals and types of atoms (Figure 7):
1) A0. 1 [-502.89, -384.57], atoms of type a, b (Figure 4);
2) A0.2 [-333.65, -303.32], atoms of type e, f (Figure 8); 
3) A0.3 [-416.62, -307.20], atoms of type a, b, c, d (Figure 8). 

	[image: ]	[image: ]	[image: ]
	[image: ]	[image: ]	[image: ]
a) the type of neighbors for the cluster A0.1
b) the type of neighbors for the cluster A0.2 
c) the type of neighbors for the cluster A0.3 
d) the type of neighbors for the cluster A0.4 
e) the type of neighbors for the cluster A0.5 
f) the type of neighbors for the cluster A0.6 
Figure 7 - Types of neighbors for a cluster A0 [-502.89, -303.32]

	[image: ]	[image: ]
a) Cluster А0.1
b) Cluster А0.2
Figure 8 - Flat grid for clusters А0.1, А0.2

1) Cluster A1 [-357,14, -332,17] contains 23 configurations. 
The configuration energies of this cluster are in the range [-357.14, -332.17]. 
The cluster contains atoms of the same type as in Figure 9a. 
The crystal lattice of the first cluster is shown in Figure 9b. 
Comparing clusters A1 and A0.1, it is clear that A0.1, that the third cluster is a distortion of the first, and the second cluster is qualitatively different from them.

	[image: ]	[image: ]
a) Cluster A1
b) Crystal lattice of the first cluster
Figure 9 - Flat grid and neighbor types for cluster A1

2) Cluster A2 [-362,91-252,28]
Cluster A2 contains 131 configurations. 
The energies of the configurations of this cluster lie in the range [-362.91 - 252.28]. 
Cluster A2 contains 6 clusters: 
а) A2.1, 
b) A2.2, 
c) A2.3, 
d) A2.4, 
e) A2.5, 
f) A2.6, shown in figure 10.
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a) Cluster A2.1
b) Cluster A2.2
c) Cluster A2.3
d) Cluster A2.4
e) Cluster A2.5
f) Cluster A2.6
Figure 10 - Flat grid for a cluster А2

As you can see, clusters a A2.2 and A2.4 are mirror images of each other. The types of atoms that make up these clusters are shown in figure 11.
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a) Type of neighbors for cluster А2.1
b) Type of neighbors for cluster А2.2
c) Type of neighbors for cluster А2.3
d) Type of neighbors for cluster А2.4
e) Type of neighbors for cluster А2.5
f) Type of neighbors for cluster А2.6 
Figure 11 - Types of neighbors for cluster А2

3) Cluster A3 [-347,21, -256,83]
The cluster contains 3455 configurations. 
The energies of the configurations of this cluster lie in the range [-347.21, -256.83].
This cluster includes "sparse" configurations with sufficiently large distances between atoms. 
Since we use a certain radius to determine neighbors, each atom in the cluster contains exactly two neighbors. 
Among the results obtained, there are no atoms with vertical neighbors. 
The types of atoms can be seen in figure 12. 
It makes no sense to list all kinds of crystal lattices; for example, two lattices are shown in figure 13.
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a) Type of neighbors for cluster А3.1
b) Type of neighbors for cluster А3.2
c) Type of neighbors for cluster А3.3
d) Type of neighbors for cluster А3.4
e) Type of neighbors for cluster А3.5
f) Type of neighbors for cluster А3.6
g) Type of neighbors for cluster А3.7 
Figure 12 - Types of neighbors for cluster А3
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[bookmark: _Hlk54863813]а) Example of a flat grid for cluster A3.1 
b) Example of a flat grid for cluster А3.2
Figure 13 - Example of a flat grid for cluster А3







[bookmark: _Toc54871885]4 Review of modern methods for producing ZnO thin films doped with Al
Zinc oxide (ZnO) is a straight-band semiconductor material with a band gap of 3.37 eV, high exciton binding energy (60 MeV) at room temperature, and effective ultraviolet luminescence. It can be used as components of gas sensors [10], photocatalysts [11], solar cells [12], piezoelectric nanogenerators [13], luminescent materials, light-emitting diodes, lasers [14], composite materials, and is also a safe biocompatible material with antiseptic properties [15,16]. To improve the conductivity, ZnO is doped with aluminum (ZnO:Al), gallium, and indium. The greatest attention is paid to ZnO: Al, whose transparency is ∼ 90% in the visible and IR range [17], and the resistivity is about 10−2−10−4 Ohms*cm. 
Let us consider in detail several chemical and physical methods for producing ZnO and ZnO:Al thin films.
Sol-gel deposition methods. The Sol-gel method is a method for obtaining materials that involves obtaining Sol and then converting it into a gel, i.e., into a colloidal system consisting of a liquid dispersion medium enclosed in a spatial grid formed by joined particles of the dispersed phase. This method has a number of advantages due to the simplicity of the technological process of deposition of large-area coatings, the low cost of the equipment used, and a wide range of reagents used, such as zinc acetate (Zn(CH3COO)2-2H2O, purity 99.95%), anhydrous methanol with an increasing concentration of aluminum impurities, (98.5% pure AlCl3) and polyvinylpyrrolidone [18]. Depending on the deposition conditions, ZnO:Al films obtained by Sol-gel deposition have different microstructures that determine their electrical and optical parameters. Thus, by changing the composition and concentration of solvents, the sintering and annealing temperatures, it is fashionable to control the properties of films [19]. Figure 13 shows a diagram of the process of obtaining ZnO films:Al by Sol-gel deposition
[image: ]Figure 13-Diagram of the process of obtaining ZnO films:Al by Sol-gel deposition
The disadvantages of Sol-gel technology include the high cost of some pure chemical reagents, technological difficulties encountered in obtaining films over large areas (cracking of gels during drying and heat treatment), an increased content of hydroxyl groups in glass, and the duration of the production process.
Hydrothermal deposition method. The chemical hydrothermal deposition method is attractive for the following reasons: low cost, synthesis at relatively low temperatures, the possibility of using flexible substrates, and easy control of the morphology and properties of the resulting material. The hydrothermal method makes it possible to obtain arrays of ZnO nanorods on various substrates with a thin-film sublayer of zinc oxide. The morphology of the arrays is determined by the thickness and crystal structure of the sublayer [20]. In a typical hydrothermal process, ZnO nanorods are synthesized by the following reactions [21]:

(CH2)6N4+6H2O→4NH3+6HCHO

                                            NH3+H2O↔NH3·H2O↔NH4++OH−                                                  (2)

Zn2++2OH−↔Zn(OH)2↔ZnO+H2O

During the growth of nanorods, urotropin is hydrolyzed to form formic aldehyde and ammonia, acting as a pH buffer, providing a low and controlled concentration of ammonia, which, in turn, is hydrolyzed to form ammonium ions NH4+ and hydroxides of OH-. Zn2+ ions are solvated in an alkaline medium to form a number of hydroxides of the composition: ZnOH+, Zn(OH)2, Zn(OH)-3 and Zn(OH)2-4. then, in the process of dehydration, the centers of crystallization of ZnO nanocrystals are formed. ZnO nanocrystals continue to grow as a result of condensation of zinc hydroxide on their surface. The rate of these reactions can be controlled by adjusting reaction parameters, such as reagent concentrations, reaction medium temperature, and process time [22]. The low synthesis temperature of zinc oxide nanorods, about 70-90°C, allows them to be deposited on various materials, including flexible polymer substrates. The disadvantages of this method include the rather difficult to control production of doped ZnO:Al films.
Magnetron sputtering method. Magnetron sputtering is a technology for applying thin films to a substrate by cathodic sputtering of a target in a magnetron diode discharge plasma in crossed fields. The operation of a modern magnetron sputtering device (figure 14) is based on the properties of the cathode region of an anomalous glow gas discharge, in which the cathode (target) is atomized by ion bombardment [23]. 
	


[image: ris1_opt][image: http://www.russianelectronics.ru/files/49951/ris3_opt.jpeg]

Figure 14-General appearance (left) and schematic representation of the operating mechanism (right) of the CS-1000 Sputter& PVD Deposition System magnetron spray system

The magnetron sputtering method makes it possible to obtain high-quality thin films with good physical characteristics (thickness, porosity, adhesion, etc.), as well as to perform layer-by-layer synthesis of new structures (structural design), creating a film literally at the level of atomic planes. The growth rate of epitaxial and uniaxial-epitaxial films reaches 7 nm / s and is limited by the thermal power sustained by the target: the ZnO sputtered target is destroyed under high current loads [24]. However, the magnetron sputtering method, as well as all methods, has its drawbacks, which include low performance, high cost of the equipment used, and difficulties in matching the magnetron power source with the load when operating at high frequencies. 
Chemical gas phase deposition (CVD) method. In the CVD process, the substrate is placed in pairs of one or more substances that react and / or decompose to produce the desired substance on the surface of the substrate. In General, the literature data describe the production of ZnO films, the morphology of which is an array of nanorods (figure 15). To produce such films, metal zinc of 99.99% purity and oxygen of 99.999% purity are used as precursors. The deposition process is carried out at a temperature of 500-6000С, in an argon medium [25].

[image: ]
Figure 15-SEM Image of ZnO nanorods obtained by CVD on a single-crystal silicon substrate

The following advantages of the CVD method can be noted: the use of relatively simple and cheap equipment, does not require ultra-high vacuum, and allows achieving high deposition rates of up to several mm / h [25].  There are also disadvantages, one of which is the rather high temperature of the process, which limits the range of substrates used. In addition, a temperature above 4000С is also unacceptable because it activates the diffusion of alloying impurities in the semiconductor, depriving it of the specified functional properties. In some cases, along with the main CVD reaction, undesirable side reactions may occur in parallel, and then the film may be contaminated with impurities, for example, carbon and metal carbide. 
Gas phase deposition method with the presence of ORGANOMETALLIC compounds (MOCVD). MOCVD is a modernized CVD method in which chemical deposition from the gas phase occurs by thermal decomposition of ORGANOMETALLIC compounds. To produce ZnO films, diethylzinc (DEZ) and water vapor (H2O) are used as precursors. The advantages of this method in comparison with CVD are the possibility of reducing the reaction temperature to 110 – 3800С and simultaneously increasing the deposition rate of ZnO films, as well as obtaining smoother films [26]. Figure 16 shows a schematic representation of the operation of the MOCVD reactor. The main disadvantage of this technology is the high cost of the equipment and raw materials used. 
[image: ]
Figure 16-Schematic representation of the operation of the MOCVD reactor 

Layer-by-layer atomic deposition (ALD) method. ALD is a method for growing thin films based on the sequential use of self-terminating gas-solid transition reactions, which makes it possible to obtain structures on various substrates up to atomic dimensions. During the formation of ZnO: Al films by the ALD method, the processes of formation of thin layers (on the order of several nm) of ZnO and Al2O3 alternate with a given period in the reactor. Intermediate processes of nitrogen purging are automatically carried out between the processes of layer formation [27]. The working diagram of the ALD reactor is shown in figure 17. The films are deposited at relatively low temperatures of 150-250°C. Trimethylaluminium (TMA), diethylzinc (DEZ), and deionized water (H2O) are also used as precursors.
So, the advantages of the ALD method are uniform thickness of the film on a complex surface, which can not be achieved by other technological methods, such as Sol-gel method, CVD, etc., the possibility of obtaining a uniform structure, good control of the level of doping with an impurity. The only significant drawback of this technology is the high cost of equipment and used precursors [28].
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Figure 17-Schematic representation of the ALD reactor
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As a result of the experiment, the developed model of a flat crystal lattice was tested, in which graphene is used as an example. For the configuration with the lowest energy value, the main translation vectors were determined, the angle between them was 60% + 10-5, and the lattice constant 2.53 A◦ was calculated (the lattice constant for graphene is 2.46, the error does not exceed 3%).
The use of optimized parameters of the Tersoff potential leads to the appearance of many "sparse" configurations (either on the Y-axis or on the X-axis). For the best solution found, a rectangular lattice is obtained instead of a hexagonal one. Therefore, in our case, the use of an optimized set of parameters is not recommended.
It was also shown that the model has the maximum safety margin: the global minimum value is -502.89 (the lowest value in the cluster A0. 1, whose configurations have a hexagonal structure or are close to it) is significantly less than the minimum of the nearest cluster A0.3 (cluster with configurations close to rectangular), equal to -416.62, that is, the relative difference between them is approximately 20%.
A technology for analyzing the resulting configurations was developed, namely two-stage configuration clustering:
1) First stage: clustering by number of neighbors,
2) the Second stage: clustering by the coordinates of neighboring atoms.
Using this technology, an Atlas of flat crystal lattice configurations obtained as a result of a numerical experiment was compiled.
Additionally, experiments were successfully conducted to adapt optimization methods for computing clusters based on the Message Passing Interface (MPI).
Results:
2020: a program and methods for conducting experimental studies, methods for classifying stationary States of matter based on cluster analysis approaches have been Developed.
Verification of the mathematical model used and evaluation of the simulation accuracy based on comparison with the known values of the physical characteristics of the simulated two-dimensional crystals are carried out. The stability of the model to errors of optimization methods and empirical potentials is investigated. The efficiency of parallelization of the applied optimization methods is analyzed. An Atlas of configurations obtained by cluster analysis methods has been compiled
2019: The project solved all the main tasks reflected in the calendar plan for 2019. Optimization methods focused on solving the problems under consideration are developed. The resulting optimization algorithms, focused on the challenges of nanotechnology. A software package has been created for solving optimization problems that arise in nanotechnology.
Theoretical research aimed at developing optimization methods is carried out. Local and global extremum search algorithms and hybrid algorithms are obtained. Component diagrams and class diagrams of the software package are made. A numerical experiment was performed for the - K-means, Mini Batch K-Means, and AffinityPropagation methods.
The report offers an algorithm for searching for a global extremum with interval constraints on the problem parameters. This algorithm was implemented programmatically and applied to solve the practical problem of determining the energy-optimal conformation of a flat crystal. The results of the numerical experiment showed a significant advantage of the proposed method for selecting starting points in comparison with the pseudorandom method. One-dimensional optimization problems can be solved independently. Therefore, the proposed algorithm is well suited for applying parallel and distributed computing to speed up work. Further research is planned to conduct a large-scale numerical experiment using a library of test functions in order to identify classes of problems for which the algorithm is most effective.
Software implementation of optimization modules in C++is implemented. A software package has been created that includes modules for working with the crystal lattice model and modules that implement the developed optimization methods.
2018: The project solved all the main tasks reflected in the calendar plan for 2018. A two-dimensional model of a flat crystal is developed. A theoretical justification is obtained and a software implementation of the flat crystal lattice model is developed. The model is applied for the case of a two-dimensional crystal. Optimization problems for calculating the geometric structure of a flat crystal are formulated.
A model of a flat crystal lattice was developed. Methods for localization of a flat lattice fragment are developed. Algorithms were developed for calculating the energy of a lattice fragment in a force field.
A software implementation of the flat crystal lattice model was obtained. Software modules that are part of the plane model of the material and calculate the positions of atoms based on the lattice parameters are obtained. Software components for determining and calculating the energy of a periodic lattice fragment are obtained. A software implementation of the C++ model of a flat crystal lattice is obtained. the software implementation includes modules that calculate the positions of atoms based on the lattice parameters. The Lennard-Jones, Morse, and Tersoff potentials are implemented. The flat crystal lattice model is integrated with the free package for classical molecular dynamics LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) for calculating the rebo/AIREBO potential.
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TECHNICAL SPECIFICATIONS AND
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1. Republican state enterprise on the right of economic management "Institute of Information and Computing Technologies" of the Science Committee of the Ministry of Education and Science of the Republic of Kazakhstan

1.1 By priority: 3. Information, telecommunication and space technologies, scientific research in the field of natural sciences
1.2 For sub-priority: 3.6 Scientific research in the field of natural sciences. Mathematical and computer modeling in the field of mathematics, physics and astronomy.
1.3 On the topic of the project: No. AP05133366 "Development of optimization methods focused on a wide class of applied nanotechnology problems"
1.4 The total amount of the project is 42,000,000 (forty-two million) tenge, including by year, for the performance of works in accordance with paragraph 3:
- for 2018-in the amount of 14,000,000 (fourteen million tenge) tenge;
- for 2019 - in the amount of 14,000,000 (fourteen million tenge) tenge;
- for 2020-in the amount of 14,000,000 (fourteen million tenge) tenge.

2. Characteristics of scientific and technical products by qualification criteria and economic indicators
2.1 Field of work: Scientific research in the field of natural Sciences
2.2 Scope: Methodological recommendations based on the research results can be used when creating new materials. Consumers of project results can be enterprises engaged in the development and production of new materials.
2.3 Final result: 
- for 2018: software modules that are part of the planar material model will be obtained that calculate the positions of atoms based on lattice parameters. Software components for determining and calculating the energy of a periodic lattice fragment will be obtained.
- for 2019: A software package will be created that includes modules for working with the crystal lattice model and modules that implement the developed optimization methods. There will be 1 publication in a domestic journal with a non-zero impact factor and 1 publication in an international journal indexed in Scopus or Web of Science with a non-zero impact factor.
- for 2020: experimental research, collection and analysis of experimental results Will be carried out. An Atlas of equilibrium configurations obtained by cluster analysis methods will be created. There will be 1 publication in a domestic journal with a non-zero impact factor and 2 articles in an international journal indexed in Scopus or Web of Science with a non-zero impact facto
2.4 Patentability: not assumed.
2.5 Scientific and technical level (novelty): development of new universal hybrid optimization algorithms based on a combination of local and global optimization methods with the ability to adjust the algorithm parameters to the problem being solved.
2.6 The use of scientific and technical products is carried out by: the Contractor.
2.7 Type of use of the result of scientific and (or) scientific and technical activities: 

3. Name of works, terms of their implementation and results
	Task code, stage
	Name of work under the Agreement and the main stages of its implementation
	Period of execution
	Expected Result

	
	
	Start
	Finish
	

	1
	Development of a two-dimensional model of a flat crystal

	January of 2018
	November 1, 2018
	A 2D model of a flat crystal will be developed
A theoretical basis and software implementation of the model of a planar crystal lattice will be obtained.

	1.1.
	Development of a model of a planar crystal lattice, methods for localizing a periodic fragment of the lattice.

	January of 2018
	July
  Of 2018
	A planar crystal lattice model will be developed. Methods for localizing a flat lattice fragment will be developed. Algorithms for calculating the energy of a lattice fragment in a force field will be developed.

	1.2.
	Software implementation of the flat crystal lattice model.
	July
  of 2018
	November 1, 2018
	A software implementation of the model of a planar crystal lattice will be obtained. Software modules that are part of a plane model of a material will be obtained, which calculate the positions of atoms by the lattice parameters. The software components for determining and calculating the energy of the periodic fragment of the lattice will be obtained.

	2
	Development of optimization methods focused on solving the problems under consideration
	January of 2019
	November 1, 2019
	Optimization methods will be developed to solve the problems under consideration. Optimization algorithms focused on nanotechnology problems will be obtained. A software package will be created to solve optimization problems arising in nanotechnology.  

	2.1
	Theoretical studies aimed at developing optimization methods.
	January of 2019
	July
  of 2019 
	Theoretical studies will be carried out aimed at developing optimization methods. Algorithms for finding local and global extremum, hybrid algorithms will be obtained. Component diagrams and class diagrams of the software package will be made.

	2.2
	Programming implementation of optimization modules in C ++.
	July
  of 2019
	November 1, 2019
	The software implementation of optimization modules in C ++ will be implemented. A software package will be created that includes modules for working with a crystal lattice model and modules that implement the developed optimization methods.
1 publication will be published in a domestic journal with a non-zero impact factor and 1 publication in an international journal indexed in Scopus or Web of Science with a non-zero impact factor.

	3
	Conducting a computational experiment and summing up the research results.
	January of 2020
	November 1, 2020
	The results of experimental studies, their analysis and general conclusions based on the results of the experiment will be obtained.

	3.1
	Development of a methodology for conducting experimental studies and processing methods for the resulting configurations based on cluster analysis technologies.
	January of 2020
	July
  of 2020
	A program and methodology for conducting experimental research will be developed. Methods for classifying stationary states of matter based on cluster analysis approaches will be developed.

	3.2
	Experimental research, collection and analysis of experimental results. 
	July
  of 2020
	November 1, 2020
	Experimental research, collection and analysis of experimental results will be carried out. An atlas of equilibrium configurations obtained by cluster analysis methods will be created. 1 publication in a domestic journal with a non-zero impact factor and 2 articles in an international journal indexed in Scopus or Web of Science with a non-zero impact factor will be published.
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List of information resources used

The following foreign information resources were used in the course of the interim report:
· Scopus;
· Clarivate Analytics;
· dblp Computer science bibliograghy.
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the results of clustering strongly depend on the parameter r
For example, for this task, at the first stage of clustering,
T would like to get 3 clusters, the first with the number
Condlusion of neighbors 3, the second with the number of neighbors
. 4, and the third with a combination of 3 and 4 neighbors.
Reducing the cutoff radius, we get atoms with a small number
of neighbors from 0 to 2, increasing it we get atoms with
7-8 neighbors. For crystal lattices consisting of atoms, this
does not present a particular problem, since the empirical
potentials for atoms and their parameters are selected with
sufficient accuracy. In the case of an analysis of systems
consisting, for example, of nanoparticles, we will have to
expend sufficiently large computational and human resources
10 select the cutoff radius. Therefore, one of the areas of future
research is the development of an algorithm for determining
neighboring atoms (nanoparticles)
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IIpunoxenue 3

x JlononuutensHoMy Coramenuio No_ 0T« » 2019 rona
no Jlorosopy Ne 211 ot 19 mapra 2018 roza

Ha rPaHTOBOE (PHHAHCHPOBAHHE

TEXHUYECKAS CIIEHUOUKALIMSA K
KAJIEHJIAPHBIN ILUIAH PABOT

ITo JlonomautensaomMy Cornamensio Ne 0T « » 2019 roma
K norosopy Ne 211 ot 19 mapra 2018 rona

1. Pecmy6ukaHcKoe rocyaapcTBeHHOEe NpeINpHsTHe Ha NpaBe X03sHCTBEHHOro
BeteHHsl «MHCTATYT HHQOPMANMOHHBIX H BBIMHCIHTEIBHBIX TexHojoruin» Komurera
Haykn Munncrepcersa o6pazoBanus i Hayku Pecnry6mukn Kasaxcran

1.1 Ilo npuopurery: 3. UHpOpManMOHHEE, TEICKOMMYHHKAIIHOHHBIE H KOCMHYECKHE
TEXHOJIOTHH, HayYHEIEC HCCIIEIOBAHUS B 00JIACTH €CTECTBEHHBIX HAyK
1.2 Tlo moxnpuoputery: 3.6 Hayunele uccie/ioBanus B 00J1aCTH €CTECTBEHHBIX HayK.
MartemaTHieckoe ¥ KOMIIBIOTEPHOE MOJICIMPOBAHME B OOJNACTH MareMaTHKH, (H3MKH H
aCTPOHOMMH.
13 TIlo Teme mpoekta: NeAP05133366 «Pa3BuTHe METONOB ONTHMH3AIMH,
OPHEHTHPOBAHHBIX HA IIMPOKUH KJIacC MPUKIIAHBIX 3a1ad HAHOTEXHOJIOTHIi»
1.4 Obwmas cymma npoekta 42 000 000 (copok 1Ba MHJUIHOHOB) TEHI€, B TOM YHCIIE C
Pa3GHBKOH 10 Toj1aM, Ul BEIIOJNHEHHS paboT CONIACHO MyHKTY3:
- Ha 2018 rox - B cymme 14 000 000 (deThipHAINATE MIJUIHOHOB TCHIE) TEHIC;
- Ha 2019 rox - Bcymme 14 000 000 (deTEIpHAIIATE MHJUTHOHOB TEHTE) TEHTE;
- Ha 2020 rox - B cymme 14 000 000 (ueTsIpHAIATh MAJUIMOHOB TEHTE) TEHTE.

2. XapaKkTepHCcTHKA HayYHO-TeXHHYIECKOH NMPOXYKIHH N0 KBATHPHKAIHOHHBIM
NPH3HAKAM H YKOHOMHYECKHE MOKA3aTeTH

2.1 Hanpasnenue paGotsl: Haydnble nccie/ioBanus B 00NIaCTH €CTECTBEHHBIX HayK

2.2 O6nacTb npuMeHeHHs: MeTojyeckie peKOMEHIalMH 110 Pe3yJIbTaTaM HCCIIEIOBAHHS
MOXXHO NIPUMEHSATh TPH CO3J[aHWH HOBBIX MaTepuaiios. IToTpeGUTENAMH pe3yJbTaToB IPOEKTa
MOTYT OBITh IPEANPHSATHS, 3aHUMAIOIIKECS Pa3paboTKOi H IPOM3BOICTBOM HOBBIX MATEPHAIIOB.

2.3 KoHeuHBlif pe3ynbTar:

- 3a 2018 roa: ByayT moy4eHsl IporpaMMHbIE MOJIYJIH, BXOJSIIKE B COCTAB IIOCKOM
MOJICJIM MaTepHAaNa, BBIYHCIAIOMME TOJNOXKEHHS aTOMOB IO NapaMeTpaM pemeTKH. Bymyr
TOJTy4€HbI IPOrPaMMHBIE KOMIIOHEHTHI OMPE/IC/ICHHS H BRIYHCIICHHS SHEPTHH IIEPHOIMIECKOTO
(parmenTa permeTkH.

- 322019 rox: ByzeT co3aH nporpaMMHEILH KOMIUIEKC, BKIIOYAIOMHIT B ce0st MOYIIH JUIS
PaboTEl ¢ MOJENBIO KPHCTAIMYECKON DEIIeTKH H MOJIYJH, PEealu3ylole pa3paboTaHHbIE
METO/IBl ONTUMH3aUMH. Byner u3fnana 1 myGnmkauus B 3apyGeXHOM XypHAle ¢ HEHYJICBBIM
HMMIIaKT-(HaKTOpPOM.

- 3a 2020 rox: BynyT mpoBeaeHE! SKCIIEPHMEHTANBHBIE HCCIEOBAHUs, c60p U aHATH3
Pe3yJIbTaToOB SKCIEPHMEHTOB. ByJIeT co3/1aH aTiiac PaBHOBECHBIX KOH(MHIypaIMi, MIOIyYeHHbIX
METOJlaMH KJIACTEPHOrO aHamu3a. ByjyT m3jiansl 1 myGiMKaluMs B OTEUYECTBEHHOM JKypHAlE C
HEHYJIEBBIM HMIAKT-HakTOpOM M 2 CTaThbH B MENUIYHAPOIHOM KypHAlE, MHICKCHPYEMBIX B
Scopus mix Web of Science ¢ HeHyJIEBBIM HMIIAKT-()akTOPOM.

2.4 T1aTeHTOCTIOCOGHOCT: HE NPE/TONAraeTCs.

2.5 HayuHo-TeXHHYECKHH ypOBEHb (HOBH3HA):pa3paGOTKa HOBBIX YHHBEPCAIBHBIX
THOPH/IHBIX ONTHMH3AIHOHHBIX AJITOPHTMOB, OCHOBAHHBIX HA COYETAHHH METOJOB JIOKAIBHOM




image27.jpeg
H r706ansHOM ONTHMH3AUMHM C BO3MOXHOCTBIO NOACTPOMKH IIapamMeTpoB IrOPHTMa IO
pelnaeMylo 3ajady.
2.6 Vicnionb3oBaHHe HayYHO-TEXHHYECKOM MIPOAYKLUHH OCYILECTBISsIETCS: UCoNHUTEnEM.
2.7 BuA HCHONB30BaHHS pe3yNbTaTa HAYYHOM M (WIM) HAy4YHO-TEXHHYECKOH

JEATEJIBHOCTH

3. HanMenoBanue pa6oT, CDOKH HX PeaJH3aLHH H Pe3yJIbTaThI

Iln | Haumenosanue paGot mo | Cpok BemMONHEHHs | OXHIaeMBlii pe3yibTar

¢p | JoroBopy M OCHOBHBIE I [—

3a]a | JTalbl €ro BHIIONHEHHS e

HU,

JTan

a

1 Pa3paGorka IByMepHOM | sHBaph 1 Bymer  paspaGorama  nByMepHas
MOJIeNH miockoro | 2018 rona | HOSOPs |MoJeNs IIOCKOro KpHCTAJUIa
KpHCTaJIa 2018 |Byner moIy4eHO TEOPETHIECKOE

roga |06OCHOBaHHE M MPOrpaMMHas
peau3anus MOAEH INIOCKOH
KPHCTJUIHYECKOH pEIeTKH.

1.1. |Pa3pabotka MOZieNH | SHBAph uionb | Byner paspa6orana Mozens miockoi
IUIOCKO#M 2018 roma | 2018 |kpucTamnmyeckoif pemerku. Bynyt
KPHCTALTHIECKOR roxga |pa3pabGoTaHEl METOMBI JIOKAJIA3AIMA
PCIEeTKH, METOZIOB ILUIOCKOTO (parMeHTa PeHIeTKH.
JIOKQJIH3alHH Bynyt pa3zpaboTaHbI aJITOPUTMBI
MIEPHOHUYECKOTO BBIYHCIIEHHS SHEPTHH (parMeHTa
(parMeHTa pelneTKH. PELIETKH B CHJIOBOM IOJIE.

1.2. |TIporpammuas Hions 1 Byner nony4eHa nporpaMMHas
peanu3anus MoAeI: 2018 roza | HOAOPA | peanu3alMst MOJEIH IUIOCKOM
TUIOCKOH 2018 |kpucTauIHdecKoii pemeTkubyayT
KPHCTALTHYECKOM roja |MOJNyYeHbI IPOrPaMMHbIC MOJYIIH,
PCILIETKH. BXOJIIME B COCTaB ILIOCKOM MoJeH

MaTepHaa, BEIYHCIISIONHE
TIOJIOXKEHHs aTOMOB II0 [IapaMeTpaM
pemerku. BynyT nony4eHst
TIPOrpaMMHBIE KOMIIOHEHTHI
OTIpE/ICNICHNS U BEIYHCIICHHS SHEPIHH
TIepHOANYecKoro ¢pparMeHTa
PEIIETKH.

2 Pa3pa6oTka MeTo10B SIHBaph 1 Bynyr pa3zpaboTaHbl METOMBI
ONTHMH3AINH, 2019 rona | HOSIOpS |ONTHMH3AIMH, OPHEHTHPOBAHHBIX Ha
OPHEHTHPOBAHHBIX Ha 2019 |pemeHHe pacCMaTpHBAaeMBIX 3a/1a4.
pelieHue rofja |Byayr momy4eHsl anropHTMsI
paccMaTpHBaeMBIX 3ajad ONTHMH3AIHH, OPHEHTHPOBAHHEIC HA

3aJla4yl HAaHOTEXHOJIOTHii. Byner
CO3/1aH IIPOrPaMMHBIH KOMIUIEKC ISt
PelICHHs ONTHMH3AHOHHBIX 3aJ(aY,
BO3HHKAIOIIAX B HAHOTEXHOJIOTHAX.





image28.jpeg
2.1 |Teoperuyeckue SIHBaph HIOMb | ByayT ocymmecTBieHbI TeopeTHIECKHE
HCCIIEIOBaHHUS, 2019roma | 2019 |muccnemoBaHHS, HanpaBIeHHEIE HA
HalpaBJIeHHbIE Ha roga |pa3paboTKy METOIOB ONTHMH3AIIHH.
Ppa3paboTKy METOOB BynyT nomydeHs! alropuT™BbI HOHCKA
ONTHMH3ALHH. JIOKAJIBHOTO M II00aJIbHOTO

9KCTPeMyMa, THOPHIHbIC AITOPATMEL.
BynyT cienanb1 KOMIOHEHTHBIE
CXEMBI H JHarpaMMBI KJIacCoB
IPOrpaMMHOT0 KOMIUIEKCA.

2.2 |IIporpamMmHas utonb 2019 1 Byzer ocymecTsieHa mporpaMMHas
peanu3anus Momyei roaa HOSIOps | peasn3allis MOy IeH ONTHMHU3ALNH
ONTHMH3ALMH HA A3bIKS 2019 |Ha s3pike C++. Byner co3nan
C++. roja |mpOrpaMMHBIH KOMIIIEKC,

BKJIIOYAOIINH B ceOs MOLYH JULL
PaboTsI ¢ MOENBIO KPHCTALTHYECKOH
PEIIETKH H MOAYJH, Peali3yIOIIHe
pa3zpaboTaHHbIE METOBL
ONTHMHU3ALIHH.

Byner usnana 1 my6iaukanus B
3apy6eXHOM XypHAIIE C HEHyJIEBbIM
HUMIIaKT-HaKTOpOM.

3 ITpoBenenue SIHBapb 1 Byzer npoBeneH
BBIYHCITHTENBHOTO 2020 roga | HOSOps | BHIMHMCIIATEIbHbIH SKCIIEPAMEHT
SKCIIEPUMEHTa K 2020 |¥ NMOIBEIEH HTOT MCCIIENOBaHUH.
NOJBEICHUE HTOTOB roga |ByRyT momydeHE! pesyabTaTEl
Hccﬂeﬂonaﬂﬂﬁ, OKCNICPUMECHTAJIBHBIX PICCHCI[OBaHHFI,

HX aHaJM3 1 06001IaIoNHe BRIBOBI
10 UTOTaM NPOBENCHHS
9KCIIEPAMEHTA

3.1 |Pa3paboTka MeTOIUKH SIHBaph utons | Bymyt paspaGoTtansl nmporpaMma u
TIPOBEJICHUS 2020 roma | 2020 |MeTOAMKA NPOBEACHHS
IKCINEPHMCHTAIBHBIX roma JKCIIEPHMEHTAJIbHBIX HCCIC0OBAHUH,
HCCIICIIOBAHHH ¥ METOJOB a TaKoKke MCTOZI0B
06paboOTKH MOy YEHHBIX 06paboTKH NONy4YEeHHBIX
KoH(urypauuii Ha 0cHOBE KOHuUTypauui Ha ocHoBe
TEXHOJIOTHH KJIaCTEPHOTO TCXHOMOTHI KITACTCPHOTD
Ai— aHaym3a. BynyT ommcaHsl

MeTopl KiIaccHbuKaIuu
CTallHOHAPHBIX COCTOSHHM
BEIECTBA HA OCHOBE NOJXOZI0B
KJIaCTEPHOTO aHA/IN3a.

3.2 |Ilposenenue Hrons 1 BynyT npoBeneHs!
9KCTIEPHMEHTANTBHBIX 2020 rosa | HOS6ps | IKCIEPUMEHTANIBHBIE HCCIIEIOBAHHS,
HCCIeoBaHuit, c6op 1 2020 |c6op H aHaJIU3 Pe3yJIHTATOB
aHaJ3 Pe3yJIbTaTOB roga |2KCHepHMEHTOB. Byzer co3nan atiac

OKCIIEPUMEHTOB.

PaBHOBECHBIX KOH(UTypaIlHii,

IOy YEHHBIX METOJAMH KJIACTEPHOTO
aHaim3a. Byner

OINCaHa OLEHKA TOYHOCTH
MOJIC/IHPOBAHHS HA OCHOBE





image29.jpeg
COMNOCTABJICHHS C H3BECTHBIME
3HAUCHHSAMH (PH3UIECKHX
XapaKTEPUCTHK MOJEHPYEMBIX
JIByMEpHBIX KPHCTAILIOB. Byner
NoKa3aH aHaTH3 3P(EKTHBHOCTH
TIPUMEHSEMBIX METOZIOB
ONTHMH3AIAH

Bynyr usnassi 1 myGmukauus B
OTEYECTBEHHOM XYPHalle C
HEHyJIeBbIM HMIIAKT-(HakTopoM U 2
CTaThH B MEXK/yHAPOJHOM XypHAJE,
HHAeKCHpyeMBIX B Scopus wm Web of
Science ¢ HEHyJIEBBIM HMIIAKT-

dakropom.
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KPEMHMN HAHOKYPbIABIMAAPbIH KOAAAHYAbBIH
APTbIKLUBIAbIKTAPbI MEH BOAALLIATDI

CyTeri 3HepreTMKachl >KaArbl 3amaHayW SHepreThkaHbl AAMbITYAbIH Opi KOAOrMSIAbIK, Ta3a,
opi 6oaaiwarbl 30p GarbITTapblHbIH 6ipi, aA KaTaAM3aTOpP MEH KYH 3HEprusicbiH KOAAAHa OTbIPbIM
CYA@H KaXXeTTi OTbIHbl — CYTeriH eHAIPYAIH KapanarbiM XXOHEe KOA XETIMAI aaicTepiHiH, 6ipi 60Abin
Tabblraabl. CyAbl MOAEKYAAABIK CyTeri MeH OTTeriHe aXblpaTy peakuMsiCbiHAAFbl (hoToKaTaAusaTop
peTiHAE KOAAAHYFa >KapaMAbl XXapTbIAAMeTKI3rilUTepPAi i3Aey ©3eKTi TakbIpbINTapAbIH, GipiHe aiHaAFaH.
KeATipiareH aaebu LWOAyAa (hOTOKATAAMBAIK peakuMsiAapbiHbIH YAETKIlWi PeTiHAe KOAAAHbIAATbIH
KPEMHWI HAHOMATePUaAAAPbIH aAy XXOHe CMHTE3AEYAIH SPTYPAI SAiCTepi KeHe OAapAblH (husmka-
XUMMUSIABIK KacueTTepi curatTasFaH. MakaAapa KpeMHWMI HaHOTAAWbIKTapbl, KPEMHWUIA HaHOGeA-
weKkTepi, KPEeMHWA HaHOHYKTEAepi >KoHe KeyeKTi KYPbIAbIMAAQP CMSIKTbl SPTYPAI reomeTpusiaa
Ke3AECEeTiH KPeMHWI1 HaHOMaTepuanAapbiH (HOTOKATAAMTUKAABIK, KOAAQHBICTApAA MarnAAAAHYAbIH
TUIMAIAITT TaAKblAaHFaH. JKapusinaHFaH ToXKipMOEAIK >k8HE TEOPMSIAbIK, KYMbICTAPAbIH AepeKTepiH
ManAAAaHbIN KPEMHMI HAHOKYPbIABIMAAPbIH JKapTbIAAMOTKI3rill KaTaAM3aTOP PeTiHAE KOAAAHFaHAQFbI
JKapblK, bIHTAAQHABIPFAH CYAbIH MOAEKYAQAApPbIHbIH (hOTOKATAAMTUKAABIK, bIABIPAY PeakLMsiAapPbIHbIH
MexaHM3MAepi  KapacTbipbiAfaH. COHbIMEH KaTap, KPEMHWI HaHOKYPbIAbIMAAPbIHbIH, HerisiHAe
aAbIHATBIH  FeTepOoaybiCbIMAbI  TMOPUATI  HaHOMaTepuaAAapbiH  (HOTOKATAaAM3BAIK —MpoLecTepAeri
CyTeriHiH, WbIFY TMIMAIAITIH apTTbIPy MakCaTbiHAQ KOAAAQHBIAYbI AQ @MTbIABIM, APTHIKLIBLIAbIKTAPbI MEH
KeMmLiAikTepi kepceTiAreH. KopbITbIHAbI PeTIHAE KPEMHWI HAaHOKYPbIAbIMAAPbIH aAy >KOHE OAAPAbIH,
hOTOKATAAMTUKAABIK, KACUETTEPIH 3ePTTEY MOCEAECIHIH JKait-KyiiHe 6ara GepiAreH.

TyiiH co3Aep: KPeMHUI HAHOKYPbIABIMAAPbI, (hOTOKATaAM3, CYAbIH biAbIpaybl.
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“4Liebniz Institute of Photonic Technology, Germany, Jena
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Advantages and prospects for using silicon nanostructures
for solar driven hydrogen generation

Hydrogen energy is one of the promising eco-friendly directions in the development of modern
energy, and the production of hydrogen from water using a catalyst and solar energy is one of the simple
and affordable methods for producing the necessary fuel. The search for suitable semiconductors for use
as photocatalysts for water splitting into molecular hydrogen and oxygen is to be considered an urgent
subject. The present work is devoted to a review of modern literature data on the preparation, description
of the main physicochemical properties, and application of silicon nanostructures of various geometries
as photocatalysts for hydrogen generation by splitting of water. In paper, we describe various methods
for the preparation and synthesis of silicon nanomaterials with different geometries: silicon nanowires,
silicon nanoparticles, silicon nanodots and porous structures. In addition, we consider the advantages
and disadvantages of using heterojunction hybrid nanomaterials based ofn silicon nanostructures in pho-
tocatalytic processes to increase the efficiency of hydrogen evolution. Based on the data of published
experimental and theoretical works, the mechanism of solar driven water splitting and the use of silicon
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nanostructures as a semiconductor catalyst is discussed. In conclusion, an assessment of the state of the
problem of obtaining and studying the photocatalytic properties of silicon nanostructures is given.
Key words: silicon nanostructures, photocatalysis, water splitting.

I.K. Mycabek '?, A. Epmyxamea ', C.3. bakTbirepeit ',

P.B. Acuabaesa’, M.H. Kaanmonaaes?, I.A. AMvpxaHosa?, B. Cusakos*
'Ka3axckuii HaUMOHaAbHbIN YHUBEpCUTET M. aab-(Dapabu, KasaxcTaH, r. AAmaTbl,
2HCTUTYT MH(DOPMALIMOHHBIX M BbIMMCAUTEAbHBIX TEXHOAOTMIA, KasaxcTaH, r. AAMaTbl

3Yessenov University, KazaxcTaH. r. Aktay -
# AenbHML, VIHCTUTYT (DOTOHHBIX TeXHOAOMIA, [epmanms, . MeHa
“e-mail: Gauhar.musabek@kaznu.kz
lNpenmyuiecTBa M nepcrneKTMBbl UCMOAL30BaHUSI KpeMHUMEBbIX HAHOCTPYKTYP
AAS hOTOKATAAMTMUECKON reHepaL M BOAOPOAA

BOAOPOAH&S! 3HepreTuka aBAAeTCa OAHMM U3 NEPCNEKTUBHbIX SKOAOTMYHbIX Hal'lpaBAeHMl:i pa3snUTua
cospemeHHoﬁ 3HEepreTuku, a NpPpom3BOACTBO BOAOPOAA M3 BOAbI C UCMOAb30BAaHMEM KaTaAu3aTtopa U
COAHEYHOM 3Heprun gBAgeTcs OAHUM U3 NPOCTbIX U AOCTYMNHbIX METOAOB MOAYYE€HUS HeOﬁXOAMMOFO
TonAmBa. [Nonck NOAXOAALLMX MOAYNPOBOAHUKOB AASl UCTTOAb30BaHUS B Ka4ecTBe qJOTOKaTa/\l'BaTOpOB
B peakuun pacllienAeHus BOAbl Ha MO/\EKy/\ﬂprIVI BOAOPOA U KUCAOPOA CHMUTaeTcs aKTyaAbHOI;I
TEMOW. HaCTOﬂLLlaSI pa6oTa nocesweHa 0630py COBpPEMEHHbIX AUTEPATYPHbIX AAHHbIX MO MOAYYEHUIo,
OMUCAHUIO OCHOBHbIX ¢M3MKO-XMMM‘~IECKMX CBOWMCTB M MPUMEHEHUIO KPEeMHUMEBbIX HAHOCTPYKTYp
pa3/\MHHOljl reoMeTpmu B Kayectse CbOTOKaTa/\MBaTOpOB AAS TéHepauumn BOAOPOAQ NYTEM Pa3AOXKeHUs
BOADbI. B pa60Te NPUBOANTCA OMUCaHUE Pa3AUYHbIX METOAOB MOAYYEHMA U CUHTE3a KPEeMHWUEBbIX
HaHOMaTepmnaAoB C pa3Al/Il-lH0171 reOMeTpmeﬁ: KpemMHUeBbIX HaHOHMTEI;I/ KpeéMHMEeBbIX HaHO4acTuu,
KPeMHUEBbIX HAHOTOYEK M MOPUCTbIX CTPYKTYP U UX OCHOBHbIX q)M3MKO~XMMIA‘~IECKIAX CBOMCTB. Takxe
MPUBOASTCA AQHHbIE O NPEUMYLLIECTBAX U HEAOCTATKaX MCMOAb30BaHMS reTeponepexoAHbIX FM6pMAHb[X
HaHOMaTepPUaAOB, MOAYYaEMbIX Ha OCHOBE KPEMMEBbLIX HAHOCTPYKTYP B CbOTOKaTa/\IATquCKMX npoueccax
AN YBEANYEHUS BCbeeKTMBHOCTM BblAGAEHMA BOAOPOAQ. Ha ocHose AaHHbIX 0I'ly6AI/IKOBaHHle
3KCMEepPUMEHTAAbHbIX U TEOPEeTUHECKUX pa60T Takxe 06Cy)KAaETC9| MeXaHU3M q.')OTOKaTaAl/ITl/NeCKOFO
Pa3A0XKeH1s BOAbI MPpU OCBELLEHNUN COAHEYHbBIM CBETOM 1 MCMOAb30BaHNN KDEMHUEBbLIX HAHOCTPYKTYP B
Ka4vecTBe MoAynpoBOAHMKOBOIro KataAusatopa peakuwh. B 3akAloueHumn npuBeAeHa oueHKa COCTOAHUSA
I'lpDﬁ/\thl MOAYYeHUa N UCCAEAOBaHUA CbOTOKaTa/\MTMLIeCKMX CBOMCTB KpeMHUEBbIX HAHOCTPYKTYP.

KAtoueBble cAOBa: KpeMHUEBbIE HAHOCTPYKTYpbl, (DOTOKATaAK3, PAa3AOXKEHUE BOAbI.

1. Kipicnie

Kopiaran opTaHbIH JIacTaHybl JKOHE Mai/1aiibl
Ka3ba Ke3/epiHiH CapKbUTybIHA OailTaHBICTHI SHEP-
rus eHJIpYy MEH KOpLIaFraH OPTaHbl Ta3apTyblH
9KOJIOTUSUIBIK Ta3a, THIM/II TEXHOJIOTHSIIAPbIH d3ip-
Jey XKOHE EHri3y Moceseci Kasipri TaHJaa epekiie
e3ekTimikke ue. OchiFaH opail CyTeKTi JHepreTH-
Kachl aTajiFaH MOCEJIeNepiH IIeNTy KOJIbIHIAFbl 0Te
THIMAI memimMaepin Oipi Ooiysl 90meH MYMKiH
[1]. CyTekTi sHepreTHKachIHBIH JaMybl asChIHIA
KapacThIPHIIATEIH ©3eKTi MocenepiiH Oipi — Mo-
JIeKYJISAPJIbl CyTEeTiH OHIIPIN MIBIFApyIbIH THIM/I
opi OKOJOTUANBIK Kayilci3 oicTepiH KEeTiUIIipy.
OchIHail 9icTepre Cy/bIH JKapblK bIHTAIAJBIPFaH
XUMHSUIBIK, SIFHH  (DOTOKATAIM3AIK, bIABIPAYBIH
skatkbi3ame3 [2]. Cyael (OTOKaTamu3miK  bIabl-
paty MpoLecCTepiH Ky3ere achlpy YIIiH KaTaiu-
3aTOp peTiHje JKapThUIAHeTKI3rim Marepuaniap
Konmansuiansl [3]. XKapreutait eTkisrim karaimsa-
TOpJIApABIH INTHJAETI ©H TaHBIMAlbl JKOHE KEHi-
HEH KOJIIaHbUIaThiHbI DyuKHIIEMa MeH XOH[a-
HBIH 3epTeymli TOOBI 3epTTEreH THUTaH JHOKCHIL
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yutakrapsl (TiO,) Gomem cawmamyma [4]. TiO2
3¢ GeKTUBTLIIr] )KOFapbl, 6Te OEICeH i XKaHE KOJDKe-
TimMzi poTokaTanuzaTop 6ok TabbUICca /1a, CyIbIH
(dorokaTam3iik bIIBIpaysl TeK ynbTpakyirin (YK)
JKapBIFBIHBIH KaThICYbIMEH JKy3ere acazbl. COH/BIK-
TaH coHFrbl 40 xbu1bH iminge YK sxoHe kepiHeTiH
JKapbIK CoyeNnepinin acepiner cynsl H, sxone O,-re
BIABIPATY YIIIH 9PTYpili (OTOKATANM3AaTOPIBIK Ma-
Tepuaiiap YChIHbUFaH GonateH [5,6].
DoToKaTATN3aTOPIAP/AbIH KOMETIMEH Cy/bIH
TiKenei BIIBIPaTy Ta3a jkoHE KaiTa eHeyre Kere-
TiH MoneKynapibl H-Hi KeH ayKpIMIBl Kesemje
eHNIpyiH eTe THiMIi Tocimi Gomap eni. Cyreri-
HIH OCBIHIAH OHIPICIH KYy3ere achIpy YIIiH OHIM-
JJTiri JKOFaphl, ap3aH JKOHE SKOJOTHAIBIK TYPFBI-
naH  Kayincis  Qorokaraam3aTtopiapasl - TaHAay
oTe MaHbI3Jbl. Bysl TYpFbIIaH KaparaH/a jxep Ia-
pbIHIA KCHiHEGH TapajFaH, COHJai-aK, KYH dHep-
THSICBIH  TYPJCHIIpPYA€ KONJAHBUIBIN, TYPAKThI
JKAPTBUIAMOTKI3I MaTepHaiiapiblH KaTapblHa
JKATKBI3BUIATBIH KpeMHHil (Si) cyzabl oTokaTanu-
THKAJIBIK BIJIBIPATY YIIiH THIMJIi MaTepual peTinje
KapacTeIpsutyaa [7]. Amnaiina, MOHOKpHCTAILIBI Si-
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PaspaﬁoTan U uccIeoBal MeTO/ pelleHn A HEKOTOPOro KJacca 3a1a™ TJI06AJILHOM ONITUMH3a-
1M1 ¢ MHTEePBaJIbHBIMM OI'DAHUYEHUAMMA. H[)Q,ZIJTO)KQH aJropuTM l‘JIOGa.HLHOﬁ OITUMHU3AINH,
OCHOBaHHBII Ha JACTePMUHUPOBAHHOM crocobe BbI60pa CTapTOBBIX TOYEK JId METOJ0B JIO-
KaJIbHOI'O IIOUCKa. ,JJJ'IS[ BblﬁOpa CTaApPTOBBIX TOYEK aJI'OPUTM JIOKAJIbHOT'O ITOHUCKa (B ,11&}1“01‘;]
paboTe MOKOOPAMHATHOIO CIyCKa) MOAMMDUIMPOBAH TAKIM 0OPA30M, YTO METOJ OJHOMEPHOM
MHUHAMHM3AIAN BO3BpaliaeT MHOXKECTBO IIaiI,]lCIIHL[X UM JIOKQJIbHBIX MUHUMYMOB. SCbeCKTI/IB-
HOCTB IIPEeJICTABJIEHHOI'O aJropuTMa IpoJeMOHCTPUPOBaHa Ha IpUMepe 3a/la94i MUHUMHA3AIuN
SHEeprun cbparMcha TIJIOCKOM KpI/ICTaJ'IJII/I‘iCCKOﬁ pemeTKu. SHCPI‘MSI MezKaTOMHOTO B3auMO-
JIefCTBUsT paccunuTaHa ¢ nomoinpio norennuana Tepcodda. [Iposeseno sxcnepumenTaibHoe
CpaBHeHHE paapaﬁoTaIHIoro aJIrOpUTMa C KJIACCHIECKHUM BapHaHTOM MeTOoJa MYJIbTUCTapTa,
B KOTOPOM 1A BLI60pa CTaApPTOBBIX HUCIOJIB3YIOTCA PaBHOMEPHO-pacIpeaeJ e HHbIC B IapaJijie-
Jienunene nccn;(ocny‘{aimuc Touku. B KauecTBe MeTOo/Ja JIOKAJIbHOI'O ITIOUCKa B oboux ciry4daax
6buta B3sATA oJlHa U3 I\IOﬂMCbI/IKaU,I/Iﬁ MeTOoJla ITOKOOPJAMHATHOI'O CIIyCKa. OﬂﬂCaIIllbeI MeTOo
MOZKeT 61)]T1> NPpUMEHEH JIJIsl 9aCTO BCTPeYaloNuXCcsd Ha IIpaKTUKe 3a/1a4 ¢ HEM3BECTHBIM aHa-
JINTUYECKHUM BbIpazKeHueM I L(CJ']CBOI‘/'I beHKU,HPI.

Kmouesvie caosa: riiobasibHasi ONTHMHU3AINS, METOJ] MyJIBTUCTAPTA, 3AIIOJHSIONIHE OCIIe10-
BaTEIbHOCTH.

BBegeHne. I\/IGTO,H,LI [IOUCKA IJI00AJILHOTO MHUHUMYMa YCJIOBHO JI€JIATCA Ha JIBE I'DYII-

Bl — € JOKA3aTeIbCTBOM ONTHMAJIBHOCTH (J€TepMUHUPOBAHHBIE) H (€3 JOKA3aTe/bCTBA
(menmerepmuanpoBanHble). K HepBOMY K/IacCy OTHOCATCS Pa3/M<HbIE BAPHAHTHI METOMA
BeTBell 1 IPaHmI (B 9aCTHOCTH, METO/] HEPABHOMEPHBIX IOKPHITHI [1], MeTOIBI HHTEPBAIIL-
HOrO aHajm3a ¥ Muorue japyrue). [Ipu yBejndeHnn pasMepHOCTH 3a/Ja9u U3-3a BBICOKOI
BBIYUCJINTEIBHON CI0KHOCTU JeTEPMUHUPOBAHHBLIX METOJ/IOB IPUXOJUTCH OTKa3bIBATHCH
OT JIOKA3aTeIbCTBA ONTHMAJBHOCTHU HOJIyY€HHOTO PEIeHHs.

BTOpB,S[ Tpyla MeTOAOB OCHOBaHA Ha PAa3J/IMIHBIX CTpaTerudax cny‘{aﬁHoro MIOUCKa.

Hau6osee u3sectublii n3 aux — Merog Monre-Kapio [2, 3. Ero cyrs 3akmouaercst B re-
Hepaluu CJIy4aifibiM 06pa3oM HEKOTOPOTO KOJIMYEeCTBa TOYEK B IPOCTPAHCTBE TOMCKA,

* PaGota BomomHena mpn dunancopoil nofepxKe Kommrera maykn Munmctepersa o6pasosanms

u nayxu Pecny6iukn Kasaxcran (rpant Ne AP05133366).
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BBIYHCJIEHUH 11€/1€BOi (DYHKIUM B 9TUX TOYKAX U MOMCKE MUHUMYMa CPEJIHU IMOJIyYeHHBIX
suaqdenuit. Moguduramun merona Monre-Kapio uayr B IByX HAIpaBICHHSX — 3aMeHa
[ICeBJIOC/Ty YaiHBIX IHCesI Ha JIeTePMUHAPOBAHHBIE KBA3UCIIyYaiiHble [0CIIe10BATebHOCTA
(meron xBasu-Monre-Kapio) [4-11] u ru6pransanust ¢ pasHbIME METOJAMH JIOKAILHOTO
noucka (Meron mynbrucrapra) [12-16]. B kauecTBe NpEMEPOB J1eTEPMUHNPOBAHHBIX KBa~
3UCJIY YAHHBIX I10CJIE/[0BATEILHOCTEN MOXKHO IPUBECTH 3AIOJIHSIONINE [OCIIEI0BATENHHOC
i CoGoust 10, 11], maruackue runepky6et [17], mocnenoarensroctn Kopuyra, XonroHa
[18], Kaxyramu [19], ®opa [20], Huzeppeiitepa [21], paspexernsie cerkn [9].

B panHOM HCCe0BaHIN pa3paboTaH HOBBIH METO/| BBIOOpA CTAPTOBBIX TOUEK B BHJE
JIeTEPMUHUPOBAHHOI 110C/I€I0BATENBHOCTH, T€HEPUPYEMOil B PE3YJIbTATe PeIleHHs CePHU
3aJ/1a4 OJIHOMEPHON MuHuMu3anuu. IIpe/ioKeHHbIil MeTo/| ObI alpobUpoBaH Ha 3ajade
MOMCKa MUHUMYyMa SHeprun (pparMeHTa IIOCKON KpUCTaIInIecKoil pemerku. Moyens ra-
KOii pemeTkn Gbl1a omucaHa B craTbax 22, 23]. DddexTuBHOCTS PaGOTHI ABYX METOLOB
JIOKAJIBHOTO TIOUCKA B METOZle MyJbTHCTApTa Oblia mccienosana B [16] mist sagaun 6es-
YCJIOBHOW ONTHMH3AINK C [apaJulesIeNniie/HBIMI OIPAHUIEHUAMI M HOTEHIMAIOM MeXK-
aromuoro Bzanmoeicrsus Jlennapa-/Ixxonca. B nocieayionux paborax Obliia H3MeHeHa
MOCTAHOBKA ONTUMU3AI[MOHHOI 3a/1a41 — BBEJIEHBI JIONOJHUTE/IbHbIE OIPAHNYEHHs], TIPU-
MEHEH MeToJ, TOUHBIX mTpadHbix dyHKuui [24], n3yden 6osee HpencTaBuTebHELT HAGODP
METO0B II0GAIBHOM onTuMu3anuu [25], IPOBEIeH SKCIEePHMEHT 110 HHTErPAIIY € ITAKETOM
LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) [26-28].

Onucanne Merona. PaccMorpuM 3a/ady IIONCKa MEHEMYMa € IIapaJlyiesIelniIe Hbl-
MH OrpaHHYeHUIMU:

Jljist pereHust 3a/[a9u B CJIy9ae MHOTO9KCTPEMAIBbHOI (DYyHKIMI 9aCTO IPUMEHSIeTCS
MIMPOKO M3BECTHBIN MeTox Myibrucrapra [12-16]. Cxema MeToga AOCTATOMHO IMpPOCTa —
B 3a/IaHHOM HapaJlIeJIeluIe e CIyIaiiHbIM 06pa30M BBIOMPAIOTCST TOUKH, U3 KaXKI0H TOU-
KH 3allyCKaeTCst MeTO/1 JIOKAJIbHOI'O TIOMCKa M B Ka4eCTBe pelleHusi 6epercs pe3y/ibraT ero
paboTsl ¢ HanMenbIM 3uaderneM. I[Ipuseem dopmaibHOe olECaHIe OJHOI U3 pean3a-
Uit MeTO/IA.

1. Bxox: MSTART(f(z),l,u), tne f(z) — Munnvmsupyemast GpyHKIus; [, u — mapas-
JleJIeniIeIHble OMPAHNIEHUsST 38 a 1.

Ok — U(l“u,ﬂ)},i =1,..,n,
k=1,.., K, tne U(l;,u;) — ciyuaiiHas BeInIHHA, UMEIOIAs HEIIPEPBIBHOE PABHOMEPHOE
pacIpeJielleHIe Ha OTPe3Ke [I;, u;].

3. CdhopmMupoBaTh MHOXKECTBO TOUEK X * = {T*k € R"} CJIeYIOIIM 06pa30oM: JIIst
Beex 2%F € X0 sanmycTHTh MeTO MOMCKA JIOKAJILHOTO MUHHMYMa, B KAYECTBE CTApTOBOI
rouku B3aTh 10F, pesysprar moGaBuTh K X *.

4. Kax pemenue sepuyrs 2*F", rae k* = argminf(z
k

U nest npepyiaraemoro Merofa 3akmovaercs B qobasiaennn K MSTART monomnuress-
HOrO IMara — 3allyCK JeTepPMUHHPOBAHHOTO MeTOZa BbIGOpa craproBbix Touek (DMCSP).
st mocrpoenuss DMCSP Mbt MomudurmpyeM Xoponio u3BeCTHBI METO/1 HOMCKa JIOKAIb-
HOrO MHHUMYMa — MeTOJ IIoKoopaunaTHoro ciycka (Coordinate descent) [29]. B pesyabra-
Te Mojudukanun Merox DMCSP, naunnast u3 0AHO# cTapTOBOi TOUKH, 6y/1€T BO3BPAIATH
He OZIMH JIOKAJIbHBI MUHIMYM, & HX MHOXKECTBO. B nTore MeTos1 moucka rio6aabHOro Mu-
HEMyMa Oy/JIeT BBINVISAETH CJIELYIOIUM 00pa3oM.

2. ChopMupoBaTh MHOMKECTBO TOUeK X = {z(’*k € R™:

Becrnux CITI6I'Y. Ipukiaaanas maremaruka. Undopmaruka... 2020. T. 16. Boim. 2 101
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2343 [ Tnemumym ungopmayuonnvix u evruuciumensuvix mextonozuii KH MOH
PK, Kaszaxcman

Annomayua. Cmamoes nocesujena NOUcKy 2106a1bHO20 MUHUMYMA dHep2uul
Gpazvenma nnockoii kpucmannudeckoli peuiemxu. O6bluHO 2N06ATBHBIT MUHUMYM
GLIYUCTACNICA 6 HeCKOIbKO SINAnoe. CHavaia e pesyrvmame paboms: memooa
MYTomUCMapma Mol noiyiaeM MHOMCECHIBO NOKATbHLIX MUHUMYMOS, 3amem bGepem
yyuiee U3 pe3ynomanos i ananusupyem ux. B oannom uccnedoeanuu paccmampusaemes
NONYYEHHAA HA NepeoM SMmane COGOKYNHOCHIb JOKATbHLIX MuHumymoe. Ilpu smom
npocmas Kiacmepusayus pesyibNamoe N0 3HAYEHUsM SHep2ull Wumi amomHbIM
KOOpOUHAmMam He npueoOUN! K dcenaemviv pesyromamam. Tax umo bvina npediosiceHa
MeXHON02UA KNACIePU3aAYUL HA OCHOGE AHANU3A 6EKINOPOEG MPAHCIAYIL, 6 pe3ynbmanie
xomopoii bvino obpabomano 6oree 26 muicau paziuyHbIX KOHQUYpayuti niockoil
KpUCINANIU4eckoli peutemxil.

1. Beegenne. IDToCKHe KpHCTA/UIBI B ITOCIeIHee BpeMd MPHBIEKAIOT 6OJIbIIOE
BHHMaHIIe HCCIIeIoBaTelIell, TOCKOIbKY TaKHe CTPYKTYPEI, Kak rpadyeH, 00Ia1atoT psaoM
YHHKaJIBHBIX CBOICTB. I H3ydeHHs CBOIICTB KPHCTALTHIECKUX PeIIeTOK HCIOIb3yeTCs
IIHPOKHIT CIEKTP METOIOB KIaCTepPH3aIH, KOTOPIe HAIILTH IpHMEHEeHIe He TOIbKO B
¢usnke M XHMHH, HO M B JpyrHX oOnacTax Hayku [1-5]. B jmamHoit paGote
paccMaTpHBaeTcs IpobiIeMa HaXOKIeHNS MHHHMAIBHOIN SHEpruH (pparMeHTa IIOCKOI
KPHCTAUIHYECKOll PEINeTKH IpH OOIBIIOM KOJIMYeCTBE aTOMOB. JTa 3ajada HMeeT
OIpesielIeHHOe TPAKTHIeCKOe 3HAYEHHe, IOCKOIbKY SHEPreTHYeCKH MHHHMAIbHbIE
KOHQHTYpAIMH PENIeTKH COOTBETCTBYIOT YCTOIIMBBIM COCTOSHHSM BemlecTBa. JUIs
pacdeTa HepTHH HCIIOIb3yeTcs SMIUpIIecKuil moteHnuan Tepcodda, paccaHTaHHEI B
[6-8]. DTOT moOTeHmMAan AaNNpPOKCHMHpYeT SHEPIHMIO B3aHMOJIEHCTBHS MHOXECTBA
aTOMOB, ITOJIOKEHIIe KOTOPBIX B CIIydae ILIOCKOro KPHCTa/lIa 3a1aeTcsl KOOPIAHHATaMH B
JIByMEpPHOM IPOCTpaHcTBe. JUI 3TOro cHadala HecexyeTcs hparMeHT GHKCHPOBAHHOIT
JUIHHBI, 3aTeM, HCIIONB3YS METO My/IbTHCTAPTa, ITOTyIaeTcsl OIpeieIeHHOe KOMIIeCTBO
JIOKQJBHBIX MUHHMYMOB 5Hepruu [9—11], 13 KOTOpBIX TOTOM oTOHpaetcs 20% Iydmmx
PpelIeHH T 1 MOJIeIHpYeTCs TaHHbIIT Habop aToMOB.
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Puc. 1 JIBymepHas MoJie/lb MaTepHaIa

JUI1 KaKIOTO pe3ylIbTaTa MBI ONPENENIIN «BHEIIHHH BHI» KPHCTaLTHIECKOil
PEIeTKH H pa3OMIN pe3yIbTaThl Ha 16 KIacTepoB. 3aTeM MBI IIPOaHAIM3HPOBAIH, KaKast
pelleTKa OKa3alach B KaIoM KIacTepe.

2. IocTaHOBKa 321a4H. PacCMOTPHM IUTOCKYIO MOZIENTb MHOTOCIIOHHOT 0 KyCOTHO-
OJIHOPOTHOTO MaTepHasa.

MartepHan IpeACTaBIeH B BHIE IEPHONMYECKOl  KyCOUHO-OXHOPOIHOIL
MHOTOCIIOIHOI CTPYKTYpHI, B KOTOPOIl THIIBI aTOMOB MOTYT Pa3IHM4aTbCS B Pa3HBIX
cosx. MozeIs HakIaIbIBaeT psil Or paHIYeHH T Ha CTPYKTYPY CII0€B:

1. Kaxmell cI0iff COCTOMT M3 ONMHAKOBBIX aTOMOB, B Pa3HBIX CIOSX MOTYT
HAXOIHTBCS Pa3IMIHBIE ATOMBIL.

2. PaccTOSHHA MeXIy COCEJHHMH aTOMAaMH B OIHOM CIIO€ OJHMHAKOBBI, HO B
PasHBIX CIIOSX OHH MOTYT OTJIHYATHCS.

3. B paccmMaTpuBaeMoii cicTeMe BbIIeNseTcs Ipynna u3 K IHapallelbHbIX CIOEB,
KOTOPBI€ IIEPHOIMYECKU TOBTOPSIOTCS B HALIPABICHHH OCH Y .

4. Yrcno aToMOB B KaKIOM CJI0€ U 00II[ee THCIIO CII0eB CIMTAIOTCS ITOTEHIHATBHO
HEOTPaHMIeHHBIMH.

Ha prcyHke 1 mpezcTaBieH IpuMep MOJENTH, B KOTOPOIl IOBTOPSETCS TPYIINa U3
Tpex croeB. KasKIplil CII0I COCTOUT H3 aTOMOB CBOETO BHJIA.

B pamkax [aHHOI MOIETH IIOJOXEHHE aTOMOB OIpENeNseTcs CIeXYIOIMMI
TIapaMeTpaMHu:

hj, 1 =1, ..., K— paccTosHHe MEKIy CI0eM C HOMEPOM i U IPEBIIYIIIM CI0eM;

d;, i = 1, ...,K — cMeIleHne [IepBOro aToMa B CJIO€ i ¢ TIOJIOKUTEIbHOI abcImecoit
OTHOCHTEJIBHO HyJIEBOi OTMETKI;

s;, 1 =1, ..., K — paccTosHHe MeX Iy aTOMaMH B CIIOE i.

d;

0,d; < s;,i LK

MBHoKecTBO 3HaUEHHIT STHX ITapaMeTpoB OyeM HasbBaTh KoH(uryparmeii u = (hi,
di, s, ..., hx, dk, sx). TpeOyeTcs ompenenuTs KOHQUIYPALHIO u, COOTBETCTBYIOLIYIO
MHHHMAIbHON SHEpIHH B3aHMOJEIiCTBHS aTOMOB, BXOMIINX B MOJIETHPYEeMBIT
¢parmMeHT MaTepuana:
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Annomayun. Hacmosuwas paboma npedcmasnsiem coboi Kpamxuii 0030p
OCHOBHBIX COBPEMEHHbIX (DUUUECKUX U XUMUYECKUX Memo008, NPUMEHAEMbIX OJis
noNyueHus MOHKUX NIAEHOK OKCUOAd YUHKA, NeUpoBanHvlx aniomunuem. B pabome
noopobHO  pACCMAMPUBAIONCS  MEXAHUSMbL  UCNOTHEHUsi  003UPAeMblX Memooux,
00CYHCOAIOMCA NPEUMYWECmBd U HeOOCMAMKYU DUIUYECKUX U XUMUYECKUX Memo008
noMyueHUs NieHOK OKCUOA YUHKA, NecUpOBAHHBIX ANIOMUHUEM, MAKUX KAK Memoo
2UOPOMEPMANLHOZ0 CUHMESA, 3071b-2€lb OCAMHCOEHUsl, MAZHEMPOHHO20 PACNbLIEHUS,
ocasicOenust Uz 230801 Gazvl u Memoo NOCIOUHO2O AMOMAPHOLO OCAMHCOCHUS.

KurodeBble cJ10Ba: OKCH/I LIMHKA, TOHKHE IUICHKY, (QU3HMYECKUE CBOMCTRA.

1. Bsenenue. Okcup IUHKa (ZnO) SIBIISIETCS TIPSIMO30HHBIM
MOJIYIIPOBOJHUKOBBIM MaTEPUAJIOM C LIMPUHON 3anpenieHHoi 3061 3,37 5B, Gomnbioii
SHepruen CBsi3u SKCUTOHOB (60 M3B) mpu KomHaTHOW Temmeparype u oOiamaer
3¢ GekTUBHON yabTpadMoNeTOBOI toMuHeceHmeil. OH MOXeT ObITh HCIOJB30BaH
B Ka4ecTBe KOMIIOHEHTOB Ta30BbIX CeHCOpOB [1], doTokaTanu3atopos [2], COMHEUHBIX
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Oatapeil [3], mBE30INMEKTPHUUECKHX HAHOICHEPAaTOPOB [4], JIIOMHHECIEHTHBIX
MaTepHaJoB, CBETOAHOIOB, JIa3ePOB [5], KOMIO3UTHBIX MaTEPHANIOB, a TAKXKE SBIISETCS
6e30macHbIM OMOCOBMECTHMBIM MaTEPHAJIOM C aHTHCENTHYECKMMHU CBoiicTBamu [6,7].
Jns yayamenus nposopuMmocTd ZnO nerupyror amomuuueM (ZnO:Al), rammmem u
unaueM. Hanbonpmee BuuManue yaesnsercst ZnO:Al, mpo3padHocts kotoporo ~ 90% B
suuMoM 1 MK-nuanasone [8], a yaenbHoe conpotuienue nopsaka 107>—107* Om*cm.

PaccMoTpuM MOAPOOHO HECKONBKO XHMMHYECKMX M (PU3MYECKHX METOIOB
MOTy4YeHHs! TOHKHX ITeHoK ZnO u ZnO:AL

2. Metoa 30J1b-TeIb OCaKIeHHsl. 30JIb-TeIb METOJ — 3TO METOJ MHOIy4eHHsS
MaTepHAaIoB, BKIIOYAIONMN MOTydeHHE 3011 ¢ MOCIEAYIOIUM IIEPEBOJOM €ro B Iellb,
T.e. B KOJUIOMIHYI CHCTEMY, COCTOAILIYI0 M3 >KHAKON IMCHEPCHOHHOW CpEpbl,
3aKJIFOYCHHOH B TIPOCTPAHCTBEHHYIO CETKY, OOpa30BaHHYIO COCAMHHBIIMMUCS
YaCTUIAMU JUCHEPCHOH (a3bl. DTOT METOJ UMeeT PsiJi IPEUMYIECTB, 00YCIOBIEHHBIX
HPOCTOTOH TEXHOJIOTMYECKOr0 MPOIEcca OCaXKACHUS MOKPBITHII OOJBIION IUIomaiy,
HM3KOH CTOMMOCTBIO HCIIONB3YEMOro OOOpYJAOBAaHHS M  IIMPOKHUM CHEKTPOM
MIPUMEHSAEMBIX PEareHToB, TaKuX Kak, anerarT muHKa (Zn(CH3;COO)-2H,O, wncrora
99,95%), 6e3BOIHBII METAHOJI NIPU BO3PACTAIOLIEH KOHIIEHTPALMY IPUMECH ATIOMHUHUS,
(98,5% OecipumecHsbiii AlC13) u monmBuHHINHpponuaoH [9]. B 3aBucumoctu ot
ycnoBuil ocakaeHus MieHKH ZnO:Al, ToIydeHHBIE 307b-TelIb OCaXKICHUEM, HMEIOT
PA3NMYHYI0 MHUKPOCTPYKTYPY, OHPCACIAIONIYI0 HX 3JICKTPHYECKME W ONTHYECKHE
napameTpbl. Takum 00pa3oM H3MEHsAs COCTaB M KOHICHTPAIMS PacTBOPHUTENCH,
TeMIepaTypa CIEKaHHs M OTXKHTa MOJHO YIpPaBIATh cBolicTBamu IieHok [10]. Ha
pucyHke | mpezacraBieHa cxema Iporiecca nonydeHus mieHok ZnO:Al MeTonom 30ib-
Tellb OCAKICHH.

YdaneHue
Cmapemle pacmeopumern:
Sonk: Tens C)«Q/* Asporens
Monus u 4
chuia BbimsaueaHue
4 u cywka
Mopuctas nnexka Kceporens
lCnexaHue CrekaHue l
—
Crekno unu
MnotHas nnexka BonokHo Kepamuka

Puc. 1 Cxema nponecca noxydenns mieHok ZnO:Al MeTomoM 301b-renb ocaxaenus [10]

K HemocratkaMm 30Jb-reiib TEXHOJIOTUH CJICAYET OTHECTH BBICOKYIO CTOMMOCTH
HEKOTOPBIX YHUCTBIX  XHMHUYECKUX  PCarc¢HTOB, TEXHOJIOTUYCCKUEC TPYAHOCTH,
BO3HHUKAKOIIXE MIPU MOJYUYCHHH IJICHOK Ha GOJIBIINX TUIOIIAIAX (paCTpeCKl/IBaHPIC renei
Ipu CYLIKE U TepMOO6pa60TKC), IMOBBIIICHHOEC COACPKAHUE T'MAPOKCUIIBHBIX I'pyNIl B
CTEKJIE U TPOAOJIKUTEIIBHOCTD IIPOIIECCA IMTOJTYyICHHUS.

3. Meroa THAPOTEPMAIBHOIO OcCa)KaeHus. XUMHUYECKHH THIPOTEpMabHBbII
METOJI OCaK/ACHHMS, SIBISCTCS MPUBJICKATEIBHBIM 0 CICAYIOUIMM IPHYMHAM: HU3Kas
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Cexunst — 2. UHpopMannoHHO-TeIeKOMMYHHKAIIHOHHbIE TeXHOTOTHH. CHCTEMBI M CETH Mepe/iaun JaHHBIX.
Hntepuer-texnonornn. O6maunsie TexHojorumu. Ilapanmensnble BeUHCIeHHsA. Pacmpenenénusie
BorancieHns. CynepkoMIbIOTEpHBIE U KiIacTepHbie cucTeMbl. O6paboTka Gonbimx 006EMOB JaHHBIX (Big-
data). I'eonnopManOHHbIE CHCTEMBbI H TeXHOIOTHH. MHHOBAIMOHHBIE 06pa30oBaTeIbHbIE TEXHOIOTHI

BEPHOUKAILMSI OJJHOM MOJEJIM IJIOCKOM
KPUCTAJIJIMYECKOM PEIIETKA

I'. A. Amupxanosa', A.JO. T'opuakos?
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HayK

B pabome nposooumcs ananus pesynbmamos pewienus 3a0auu NOUCKA MUHUMYMA
9Hepeuu COBOKYNHOCMU AMOMO8 (HpasmMeHma NioCKOU KPUCHALIUYEeCKOl peuenKu.
Paccmampusaemca 3adauu munumusayuu 8 08yx nocmanogkax. Ilpu pewenuu 3adauu 6
nepeoll NOCMAaHo8Ke Npou3BoOUNCs. NEPEUYHbLL OMOOP NOKANbHLIX MuHUMyMos. Ilocne
9MO20 peulaemcs 3a0aua 60 6Mopoll nocmanoske. B kauecmese pesynomama moi 6epem
peuienue ¢ MUHUMATLHOU SHepauell i ¢ NOMOUbIO Memo00s Kiacmepuzayuu onpeoensiem
OCHOBHbIE MPAHCIAYUOHHBIE GEKMOPA U NOCMOAHHYIO KPUCMAIIUYECKOU peulemKu.
Mooenuposanue npousoounocs 0ns epagena c ucnonvsosanuem nomenyuana Tepcogpgpa
€ 08YMSA PA3TUYHBIMU HADOPAMU NAPAMEMPOS — OPUSUHATLHLIM U ONMUMUSUPOBAHHBIM.
Okcnepumennmul NOKA3anu 00CMAMOUHYI0 MOYHOCMb MOOETUPOBANUSL OJiA OPUSUHATLHO20
Habopa napamempos u HenpUMeHUMOCMb ONMUMUZUPOBAHHO20 HAOOPA.

Kniouegvie  cnoea: nnockas — Kpucmaniudeckas — peulemia, — 2100anbHaAs
ONMUMU3AYUS, TOKATbHBIL MUHUMYM dHepeul, Knacmepusayus, nomenyuan Tepcopa.

Beenenne

3asaua Bepu(HUKALUU P MOJCITHPOBAHUI KPUCTAIIMYECKON CTPYKTYPBI ABJIACTCS
HEOTHEMJICMBIM ~ 3TallOM MpOLECCa MOJCIMPOBAHHUSA, a TaKKe J0Ka3aTelbCTBOM
aJIeKBaTHOCTH MOJICITH ¥ PaOOTOCIOCOOHOCTU MPOrPaMMBbI U BEIYUCIICHHUIL.

OOBIYHO BepU(UKALIUS MOAEIHN MPOUCXOIUT CIIEIYIOIIMM 00pa3oM:

Oran 1. TlpoBepka HMCXOAHOrO KOJA IPOrPaMMbl C LETbIO BBISBICHHS ONIMOOK
CHHTAKCHCa/Iornueckux omubok. OHa I03BOISET MPELOTBPATHTh HEBEPHBIC PACUETHI U
HESIBHBIC OLIMOKH, KOTOPbIE BO3HUKAIOT NPH OMIKOOYHOIT MOCTAHOBKE 3HAKa (CIOXKEHHE,
BBIYNTAHHE) WM MEJIKHE OIIMOKM TpeoOpa3oBaHMS THUIIOB JaHHBIX, Ha KOTOpBIC
HEKOTOpbIC KOMITHJIITOPBl MOTYT SIBHO HE YKa3blBaTh, H, TEM CaMbIM, BBOJIHTH
uccieoBatens B 3a0dykICHHE IO IIOBOAY IPAaBHIBHOCTH pacyeToB. Jlns Goiee
HaJIeXKHOTO  (DYHKIHMOHMPOBAHMS TIPOrpaMMbl B OydylieM clieayer paspaborarhb
CIeNHaIbHBIE TECTHI, IOKPHIBAIONINE OOIBIIMHCTBO BO3MOXKHBIX IPOOIIEM U CITydacs.

Oran 2. [Iposepka (Gopmyi 1 BbiurciaeHHd. OcyliecTBiIseTcs o cXeMe: MoJaTh Ha
BXOJl MCXOJIHBIC JIJAHHBIC U CPABHUTb PE3YJbTAT C KOHTPOJBHBIMU 00pa3LaMH, KOTOpbIE
ObLIM BBIYHCIEHBI 3apaHee Ui ATHX HCXOJHBIX JIaHHBIX. lIpy BO3HHKHOBEHHH
HECOOTBETCTBHS B (pOPMyIIax AENaloTCs U3MEHEHHUS, U MPOLECC MIPOBEPKU MOBTOPSAETCS.
JlaHHast TpoBepKa JUIUTCA 1O TEX IIOp, IOKA PACXOXKACHHE MEXIY IO0JTy4eHHBIMU
pe3yIbTaTaMH M KOHTPOJIBHBIMU 00pasnamMu He OyJeT HIDKE OIPEENeHHOTO 3apaHee
3HAYCHHUS.
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Abstract: Hydrogen generation rate is one of the most important parameters which mustbe considered
for the development of engineering solutions in the field of hydrogen energy applications. In this paper,
the kinetics of hydrogen generation from oxidation of hydrogenated porous silicon nanopowders in
water are analyzed in detail. The splitting of the Si-H bonds of the nanopowders and water molecules
during the oxidation reaction results in powerful hydrogen generation. The described technology is
shown to be perfectly tunable and allows us to manage the kinetics by: (i) varying size distribution
and porosity of silicon nanoparticles; (ii) chemical composition of oxidizing solutions; (iii) ambient
temperature. In particular, hydrogen release below 0 °C is one of the significant advantages of such a
technological way of performing hydrogen generation.

Keywords: hydrogen generation rate; porous silicon nanopowder; nanosilicon oxidation; engineering
of silicon nanoparticles

1. Introduction

Hydrogen and fuel cell technologies have strong potential to play a significant role in new energy
systems [1]. In view of energy storage purpose, hydrogen can be easily converted into electricity and
heat. The amount of energy produced during hydrogen combustion is higher in comparison with any
other fuel of the same mass [2]. However, hydrogen cannot be considered as an alternative fuel but
rather an energy carrier requesting the consumption of a primary energy for its production. Due to
this fact, the number of power-to-gas pilot plants producing hydrogen from fluctuating renewable
power sources increases all over the world [3]. Besides, for the energy vector for electricity, mobility
and heat, hydrogen can be also used as a raw material for the chemical industry or for the synthesis of

Nanomaterials 2020, 10, 1413; d0i:10.3390/nan010071413 ‘www.mdpi.com/journal/nanomaterials
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various hydrocarbon fuels. Ongoing research is underway to develop environmentally friendly and
economical hydrogen production technologies that are essential for the hydrogen economy. It ensures
the gradual transition from the actual energy economy to a cleaner and sustainable energy future [4].

Water is an important source of hydrogen within the concept of sustainable development.
The splitting of water molecules into hydrogen and oxygen can be performed by means of
“green” technologies. For example, water electrolysis constitutes a suitable pathway to hydrogen
production [1,5]. There are different technologies for electrolysis, including alkaline, proton-exchange
membrane and high-temperature solid oxide processes. They form a basis of the power-to-gas
systems converting excess electricity into hydrogen [3,5]. Water electrolysis is convenient to be used in
combination with photovoltaics and wind energy as well as in direct relation with the availability of
electricity [6-8].

The splitting of water molecules can also be provided by heat obtained from a nuclear reactor
or a concentrating solar system, such as a solar tower, solar trough, linear Fresnel system or dish
system [1]. The direct decomposition of water driven by heat can be released using thermocatalytic
processes [9]. The most promising and useful approach for large-scale hydrogen production is
based on thermochemical cycles—redox, sulfur-iodine, copper-chlorine and others [10]. However,
the thermal technologies require complicated industrial equipment and are not useful for small-scale
and portable applications.

Photocatalytic water splitting under visible light irradiation allows for obtaining hydrogen from
water with the use of sunlight in the presence of a suitable catalyst reducing the high activation energy
of water decomposition [11,12]. Photocatalysts are typically made of metal oxides, metal sulfides,
oxysulfides, oxynitrides and composites thereof. Titanium dioxide, cadmium sulfide and graphitic
carbon nitride are the most studied [13-15]. Metal ion implantation and dye sensitization are
very effective methods to extend the activating spectrum to the visible range [16]. In recent years,
many nanoparticles are synthesized by clean technologies utilizing plants and microbes. Water splitting,
based on these nanoparticles, provides a blueprint to sustain the clean energy demands [17]. However,
the number of visible light-driven photocatalysts is still limited, and there is no photocatalyst which
could satisfy all necessary requirements [1,11].

Water splitting can be also released in a biological way. The absorption of light by microalgae
or cyanobacteria results in the generation of hydrogen, known as biophotolysis [18]. Additionally,
hydrogen can be produced from CO and H,O, implementing the biological water gas shift reaction
catalyzed by photosynthetic and fermentative bacteria [19]. A high yield of hydrogen and a high
production rate can be reached using biomass or biomass-derived chemicals as raw materials.
The conversion of biomass is achieved through biological or thermochemical routes, such as
fermentation, reforming, gasification or pyrolysis [20,21].

An inexpensive and simple way of hydrogen production is also implemented by hydrolytic
systems. In particular, the reaction of water with metals is characterized by a redox potential below the
level corresponding to H* —H2 transformation [22]. During the chemical reaction, hydrogen s released,
and a metal hydroxide or oxide is formed. Among various available reactions, aluminum-water
reactions in either alkaline or neutral solutions are most commonly used [23-25]. However, the existence
of a solid oxide on the surface of aluminum particles prevents air and moisture from accessing the
underlying metal. The use of strong bases, the application of high temperature or the activation of the
aluminum metal [25-27] resolve this problem.

Metal hydrides are also efficient materials for the chemical decomposition of water. Indeed, in this
case, not only the hydrogen liberated by oxidation of the corresponding metal is released, but also the
hydrogen bonded in the hydride molecules. In particular, borohydrides are very promising materials,
due to their very high theoretical capacities of hydrogen content. For example, sodium borohydride
(NaBH4), lithium borohydride (LiBH4) and the ammonia-borane complex (NH3;BH3) were widely
investigated [1,22,28-30].
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photonics related fields.

In the present paper, we report on the investigation of thermal annealing (TA) effect on structural and optical
properties of crystalline silicon nanowires produced by metal-assisted chemical etching approach. In particular,
the impact of TA on nanowire length, relative volume and size distribution of voids is described in terms of
Lifshitz-Slyozov-Wagner theory considering the TA induced Oswald ripening in the SINW arrays. It was also
found that TA leads to a decrease of the SINWs total reflection in the wide UV-VISIR spectral range. The
reported effects can be used for tuning of crystalline SINWs arrays in view of their further applications in

Introduction

Silicon nanowires (SiNWs) have attracted considerable interest due
to their potential applications in different fields including micro- and
nanoelectronics [1,2], photovoltaics [3-5], thermoelectrical devices
[6,7] and nanomedicine [8-10]. Several methods based on “bottom-up”
and “top-down” technologies [11,12] have been successfully developed
to prepare SiNWs with desired lengths and cross-sectional sizes. Metal-
assisted chemical etching (MACE) [13,14] is a “top-down” approach
which has become the most used one in the last decade due to its
gaining better fabrication and relatively low cost. MACE technology is
based on the selective chemical dissolution of crystalline silicon (c-5i)
in hydrofluoric acid (HF) solutions that is assisted by the noble metal
nanoparticles, e.g. silver, gold, copper etc., as a catalyst. The mor-
phology of resulting SINWs arrays can be controlled via altering the
MACE conditions.

One of the widely discussed characteristics, related to the SINWs
properties is their unique optical properties in comparison to the bulk c-
Si [15]. Crystalline SiNWs array demonstrates strong broadband optical
absorption in the full visible spectral range due an effect to the “light
trapping” leading to a strong suppression of the optical reflection in the

* Corresponding author
E-mail address: gauhar.musabek@kaznu.kz (G. Mussabek).

htps://doi.org/10.1016/j.rinp.2020.103258

spectral region of the band gap absorption in ¢-Si [16]. Itis well-known,
from previously published works, that MACE-prepared SiNW arrays by
their optical properties can be referred to so-called “black” and “white”
SiNWs [16,17]. Notably, the “black” SiNW arrays act as an excellent
absorber in the visible and UV spectral range [18,19], while the “white”
samples exhibit a high level of the diffuse optical reflection in the near
IR spectral region [17]. These optical properties of SINWs are proposed
to be used in a stealth sheet technology [20].

Thermal annealing (TA) is the well-known treatment, which is
widely used in different technological processing of c-Si. However,
there is currently a lack of detailed studies of TA induced changes in
SiNWs and some basic problems such as restructuring and sintering
mechanisms remain unclear. Despite various efforts to understand the
nature of “black” and “white” silicon surfaces prepared by MACE
[21,22]. Exploring possible mechanisms of TA-induced modifications of
the structural and optical properties of SiNWs will help to explain the
fundamental aspects of various phenomena in 1D nanostructures and it
can be useful for applications of SINWs in photovoltaics [23], sensors
[24] and thermoelectric power converters [25].

In the present paper, an extended analysis of the structural prop-
erties of crystalline SINW arrays, which are modified by short-term
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Fig. 1. Cross sectional and corresponding planar (insets) SEM images of SINWs obtained for 15, 30 and 60 min of MACE process before (a), (b), (c) and after (d), (e),

(f) thermal annealing, respectively. Dashed lines indicate surface level.

thermal annealing, has been performed. In particular, the role of the
initial length of SiNWs on the thermally induced reorganization of the
whole nanowires arrays is described in detail. The obtained results are
explained in terms of the Oswald ripening phenomena and Lifshitz-
Slyozov-Wagner (LSW) theory [26-25].

Materials and methods

SINWs were fabricated by wet-chemical etching of lowly boron
doped single crystalline Si (c-Si) wafers with a (100) crystalline or-
ientation and a specific resistance of 1-10 Q cm. Initially, the c-Si
substrates were rinsed in 2% HF solution for 5 min to remove native
oxide. Silver (Ag) nanoparticles were used as catalysts in the MACE
process. The first step of MACE was related to the deposition of Ag
nanoparticles on the wafer surfaces by immersing them in a mixture of
aqueous solutions of 0.02 M AgNO; and 5 M HF (1:1, v/v) for 30 s.
Further etching of the c-Si wafers with deposited Ag nanoparticles was
performed in the following solution [HF (5 M): H,0, (30%)] = 10:1. To
obtain SiNWs layers of different thicknesses, the duration of the MACE
process was varied from 15 to 60 min. After etching, the Ag

nanoparticles were removed with nitric acid (HNO,, 65%), after which
the samples were washed with deionized water and air-dried. Al steps
of the etching process were performed at room temperature conditions.
The thermal annealing (TA) of SiNWs was performed at 900 °C tem-
perature for 10 min in air.

The structural properties and morphology of as-prepared and TA-
treated SiNWs were investigated by using a Carl Zeiss Ultra 55 field
emission scanning electron microscope (FE-SEM). To obtain the pore
size distribution, a quantitative analysis of the achieved SEM images
was performed using the ImageJ software. Recently it was shown that
determination of porosity of Si nanostructures by image processing of
top-view SEM micrographs corresponded well to the results of porosity
‘measurements by gravimetric and nitrogen absorption methods [29].
Furthermore, the porosity of SINW arrays estimated from the value of
effective refractive index was shown to agree with the SEM image
analysis [30].

The structural properties of SiNWs were studied by using means of
the Raman spectroscopy. The Raman spectra were recorded with a
Solver Spectrum (NT-MDT) Raman spectrometer under laser excitation
at a wavelength of 473 nm with intensity of 0.2 mW/cm® The
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MODERN METHODS FOR PRODUCING AL DOPED ZNO
THIN FILMS: A REVIEW

Abstract The present work represents a brief review of the main modern physical and chemical methods used to
obtain aluminum doped zinc oxide thin films. The work discusses in detail the execution mechanisms of the methods
under review, as well as their advantages and disadvantages. The physical and chemical methods for producing aluminum
doped zinc oxide thin films, such as the hydrothermal, sol-gel deposition, magnetron sputtering, gas deposition and atomic
layer deposition methods are reviewed.

Key words: zinc oxide, thin films, physical properties.

I'.K. Mycadex"?, K.K. luxanbaes', I'.A. AMupxanosa’
('Kasaxckuit Haunonanbuelii yauepeutet uM. Anb-®apadu, r.Anmars, Pecryonuka Kazaxcran
2MHcTuTyT MHGOPMALMOHHBIX M BHIYHCINTEIBHBIX TEXHOIOTHIA, I. AnMartsl, Pecry6imka Kasaxcran
E-mail: Gauhar.musabek@kaznu.kz)

OB30P COBPEMEHHBIX METO/I0OB INOJIYYEHUSI TOHKUX
IUIEHOK ZNO, JIETUPOBAHHBIX AL

Amnnoranns. Hacrosmas pa6ora npezcrasiser co6oi KpaTkuii 0630p OCHOBHBIX COBPEMEHHBIX (DM3HUECKHX M
XHMHYECKHX METO/J0B, MPUMEHAEMBIX I MOTYYE€HHs TOHKHX IJIEHOK OKCH/a LIHHKA, JIETUPOBAHHLIX allOMHHHEM. B
paﬁore 110}1])061-{0 paccMaTpHUBalOTCA MEXaHHU3Mbl HCIIOJTHECHHS 063HpaeMle METO/THK, OGCy)KL\aK)TCSI TpEeUMYIIECTBA U
HEA0CTAaTKH d)mnqecxux M XUMHYECKHX METO/10B IOJTy4€HHS MJICHOK OKCH/IA LIMHKA, JIESTHPOBAHHBIX AJIIOMUHHEM, TAKHX
KaK M€TOJ rMApPOTEPMAJIbHOIO CHHTE3a, 30JIb-I'€jlb OCAXKIACHHUS, MArHETPOHHOI'O PACHbUICHHUS, OCAXICHUA M3 Ta30BOI
cbazu U METO MOCJIOIHOTO AaTOMApHOIo OCAXKACHUA.

KimoueBble ¢/10Ba: OKCH/I IIMHKA, TOHKHE MUICHKH, (pH3HUecKHue CBONCTBA.

1 Beenenne

Oxenp umska (ZnO) sBisiercss NPSMO30HHBIM  TOJYTIPOBOJAHMKOBBIM MAaTEPHAJIOM C IIMPHHOMH
3anpenieHHoH 30HbI 3,37 2B, Gonbmioii sHeprueii cBs3u 3kcuTOHOB (60 M3B) npH KOMHATHOI Temnepatype
u obnagaer 3¢ dekTHBHOI yIbTpaduOIETOBOI MOMHHECIeHIHeH. OH MOXeT OBITh HCIONB30BAaH B Ka4eCTBE
KOMIIOHEHTOB ra30BBIX CeHCOPOB [1], poTokaramm3saTopos [2], conHeunsix 6aTapeii [3], Mbe3021eKTPHICCKAX
HAHOTEHEPaTOpOB [4], JIIOMHHECLEHTHBIX MAaTEPHAJOB, CBETOAMOIOB, Ja3epoB [5], KOMIO3UTHBIX
MaTePHAIOB, @ TAKXKC SBISICTCS OE30IACHBIM OHOCOBMECTHMBIM MATEpPHAIOM C AHTHCEITHYCCKHMHU
cBoiictBamu [6,7]. Jas ymydmenus npoBogumoctd ZnO serupyior amomuHHeM (ZnO:Al), raumem u
unanem. HaubGonbiuee Buumanue yznemsiercs ZnO:Al, npo3pauHocts kotoporo ~ 90% B Buaumom u MK-
nmanasone [8], a yaensHoe conporusienne nopsiaka 1072=107* Om*em.

PaccMOTpHM 1OIPOOHO HECKOIBKO XHUMHYECKHX M (PM3MYECKHX METO/IOB MONY4YEHHs TOHKHX ILICHOK
ZnO u ZnO:Al

2 MeToz 30/1b-TeJIb 0CAKACHHs

30ib-Telb METOA — OTO METOA MOJNy4YEHHs MAaTepHalOB, BKIIOYAIOIIMII IIONyYeHHE 301 C
HOCJIETYIOIIHM NIEPEBOIOM €TI0 B I'ejlb, T.€. B KOJUIOMIHYIO CHCTEMY, COCTOSIILYIO U3 KHIKOH ANCIIEPCHOHHO#M
Cpezibl, 3aKJIIOYEHHOH B NPOCTPAHCTBEHHYIO CETKY, OOpa3oBaHHYIO COEIMHHBIIMMHCS 4YaCTHIIAMH
JMCNEPCHOH (a3bl. DTOT METO/L MMEET Psil PEHMYILIECTB, 00YCIOBIEHHBIX MPOCTOTOH TEXHOIOTHYECKOTO
NPOLECCA OCAXKIEHHS TIOKPBITHI GOJBIION MUIOIA/H, HH3KOH CTOMMOCTBIO HCIIONIb3yeMOro 000py10BaHUs H
HIMPOKMM CMIEKTPOM NMPHUMEHAEMBIX PEareHToB, TakuX Kak, anerar umnka (Zn(CH;COO):-2H,O, uucrora
99,95%), Oe3BoaHBII MeTaHON TIpH BO3pacTalolleil KOHLEHTpauuu npumecH amomunus, (98,5%
6ecnipumecHslit AICl3) u nommBHHWIHPPONHAOH [9]. B 3aBHCHMOCTH OT YCIOBHIi OCaXKAEHHS ILUICHKH
ZnO:Al, nony4eHHbIe 30Jb-Tellb OCAXKICHAEM, UMEIOT PAa3IHYHY) MHKPOCTPYKTYpPY, OHNPEACISIOIIYI0 HX
9IIEKTPHYECKUE H ONTHYECCKUE NTapaMeTphl. TakuM 06pa3oM H3MEHsIs COCTAaB H KOHIICHTPALHs PACTBOPHTEIICH,
TEMIIepaTypa CIeKaHHs U OTXKUTa MOJIHO YIPaBIATh cBolicTBamu mieHok [10]. Ha pucynke 1 mpencraBinena
cxema nporecca nojydeHus mieHok ZnO:Al MeTos10M 3071b-Telb OCAKICHHS.

Ka3¥T3Y xaGapumbichl N24 2020 237
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nanostructures as a semiconductor catalyst is discussed. In conclusion, an assessment of the state of the
problem of obtaining and studying the photocatalytic properties of silicon nanostructures is given.
Key words: silicon nanostructures, photocatalysis, water splitting.
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lNpenmyuiecTBa M nepcrneKTMBbl UCMOAL30BaHUSI KpeMHUMEBbIX HAHOCTPYKTYP
AAS hOTOKATAAMTMUECKOI reHepaL M BOAOPOAA

BOAOPOAHaﬂ 3HepreTuka ABAAeTCa OAHMM 13 NEPCNEKTUBHbIX SKOAOTUYHbIX Hal'lpaBAeHMl;i pa3suTua
COBpeMeHHOIZ 3HEepreTuku, a Npou3BOACTBO BOAOPOAA M3 BOAbI C MCMOAb30BAaHMEM KaTaAu3aTopa M
COAHEYHOM 3Hepruun gBASeTCs OAHUM U3 NPOCTbIX U AOCTYMNHbIX METOAOB MOAYYE€HUS HeOﬁXOAMMOFO
TonAmBa. Nonck NOAXOAALLMX MOAYNPOBOAHUKOB AAl UCTTOAb30BaHUS B Ka4ecTBe qJOTOKaTa/\VBaTOpOB
B peakuuun pacllienAeHus BOAbl Ha MO/\EKy/\ﬂprIVI BOAOPOA U KUCAOPOA CHMUTaeTcs aKTyaAbHOI;I
TEMOW. HaCTOﬂLLlaSI pa60Ta noceslWeHa 0630py COBPEMEHHbIX AUTEPATYPHbIX AAHHbIX MO MOAYYEHUIO,
OMUCAHUIO OCHOBHbIX ¢M3MKO~XMMM‘~IECKMX CBOWMCTB M NMPUMEHEHMIO KPEeMHUEBbIX HaHOCTPYKTYp
pa3/\lf1qH0171 reoMeTpuu B Kayectse q)OTOKaTa/\MBaTOpOB AAS TeHepauumn BOAOPOAQA NYTEM Pa3AOXKEHUS
BOAbI. B pa60Te NPUBOANTCA OMUCaHUE Pa3AUYHbIX METOAOB MOAYYEHMA U CUHTE3a KPEeMHUEBbIX
HaHOMaTepmaAoB C pa3Al/Il-lH0171 reOMeTpmeﬁ: KpemMHUeBbIX HaHDHMTeIZ/ KpeéMHMEeBbIX HaHO4YacTuu,
KpeMHMEBbIX HAaHOTOYeK U MOPUCTbIX CTPYKTYP U MX OCHOBHbIX q)M3MKO~XMMMLIECKMX CBOMCTB. Takxe
MPUBOASTCA AQHHbIE O NPEUMYLLIECTBAX U HEAOCTATKaX MCMOAb30BaHMS reTeponepexoAHbIX FM6pMAHbIX
HaHOMaTepPUAAOB, MOAYYaEMbIX Ha OCHOBE KPEMMEBbLIX HAHOCTPYKTYP B (bOTOKaTa/\IATMHeCKMX npoueccax
AAS yBEANYEHUs BdeJeKTMBHOCTM BblIAEAEHUA BOAOpPOAA. Ha ocHose AaHHbIX OI'ly6AMKOBaHHbIX
3KCMEPUMEHTAAbHbIX U TEOPETUHECKUX pa60T TakKxe oﬁcyaneTca MeXaHU3M qJOTOKaTaAMTl/NeCKOFO
Pa3A0XeH1s BOAbI MPpU OCBELLEHUN COAHEYHbBIM CBETOM 1 MCMOAb30BaHNN KDEMHUEBbLIX HAHOCTPYKTYP B
Ka4vecTBe MoAynpoBOAHMKOBOIro KataAusaropa peakuwh. B 3akAtoueHumn npuBeAeHa oueHKa COCTOAHUSA
I'lpOﬁ/\eMbl MOAYYeHUa N UCCAEAOBaHUA CbOTOKaTa/\MTMLIeCKMX CBOMCTB KPeMHMEBbIX HAHOCTPYKTYP.

KAtoueBble cAOBa: KpEMHUEBbIE HAHOCTPYKTYpbl, (DOTOKATaAK3, Pa3AOXKEHUE BOAbI.

1. Kipicnie

Kopiaran opraHbIH JIacTaHybl JKOHE Mai/1aiibl
Ka3ba Ke3/epiHiH CapKbUTybIHA OailTaHBICTHI SHEP-
TSl OHJIPY MEH KOpIIaFraH OpTaHbl Ta3apTyIbIH
9KOJIOTHSUIBIK Ta3a, THIM/I TEXHOJIOTHSIIAPbIH d3ip-
Jey XKOHE EHri3y Moceseci Kasipri TaHJaa epekiie
e3ekTimikke ue. OchiFaH opail CyTeKTi JHepreTH-
Kachl aTajiFaH MOCEJIeNepiH eIy JKOJIbIHIAFbl 0Te
THIMAI ImemimMaepin Oipi Gomysl 90meH MYMKiH
[1]. CyTekTi sHepreTHKachIHBIH JaMybl asChIHIA
KapacThIPHIIATEIH ©3eKTi MocenepiH Oipi — Mo-
JIeKYJISAPJIbl CyTEeTiH OHIIPIN MIBIFApyIbIH THIMJI
opi IKOJOTHANBIK Kayilci3 oiCTepiH KEeTiUIIipy.
OcpIHail 9icTepre Cy/bIH JKAPBIK bIHTAIAIBIPFAH
XUMHSUIBIK, SFHH  (DOTOKATAIM3AIK, bIABIPAYBIH
skatkbi3ame3 [2]. Cyael (OTOKaTamu3miK  bIabl-
paty MpoLecCTepiH Ky3ere achlpy YIIiH KaTaiu-
3aTOp peTiHje JKapThUIAHeTKI3rim Marepuaniap
Konmanbuiansl [3]. YKapreutait eTkisrim karaamsa-
TOpJIApABIH INTHJAETI ©H TaHBIMAlbl JKOHE KEHi-
HEH KOJIaHbUIaThiHbI DyOKHIIEMa MeH XOH[a-
HBIH 3epTeymli TOOBI 3epTTEreH THUTaH JHOKCHIL

62

yurakrapsl (TiO,) Gomem cawmamyma [4]. TiO2
3¢ GeKTUBTLIIr] )KOFapbl, 6Te OEICeH I XAHE KOJDKe-
TimMzi oTokaTanuzaTop GombIn TabbUICca 1a, CYIbIH
(dorokaTam3iik bIABIpaysl TeK ynbTpakyirid (YK)
JKapPBIFBIHBIH KaThICYbIMEH JKy3ere acazbl. COH/BIK-
TaH coHFrbl 40 xbuibH iminge YK sxoHe kepiHeTiH
JKapbIK CoyIesnepinin acepine cynsl H, sxone O,-re
BIABIPATY YIIIH 9pTYpili (OTOKATANM3aTOPIBIK Ma-
TepHaiiap YChIHbUIFaH GonateH [5,6].
doToKaTanu3aTOPNApAbIH KOMETIMEH CyJbIH
TiKenei BIIBIpaTy Ta3a jKoHe KaiTa eHeyre Kele-
TiH MoneKynapibl H-Hi KeH ayKpIMIbl Kesemje
eHNIpyiH eTe THiMAi Tocimi Gomap eni. Cyreri-
HIH OCBIHIAH OH/IPICIH KY3ere achIpy YIIiH OHIM-
JTiri JKOFaphl, ap3aH JKOHE SKOJOTHANIBIK TYPFBI-
naH  Kayincis  QorokaraamM3aTtopiapasl - TaHAay
oTe MaHbI3Jbl. Bysl TYpFbIIaH KaparaH/a jxep Ia-
pbIHIA KCHiHGH TapajFaH, COHJai-aK, KYH dHep-
THSICBIH  TYPJICHIIpYA€ KONJAHBUIBIN, TYPAKTh
JKAPTBUIAMOTKI3II  MaTepHaiiapiblH KaTapblHa
JKATKBI3BUIATBIH KpeMHHi (Si) cyzabl oTokaTanu-
THKAJIBIK BIJIBIPATY YIIiH THIMJIi MaTepual peTinje
KapacTeIpsutyaa [7]. Amnaiina, MOHOKpHCTAILIBI Si-
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Abstract. The paper considers the classical problem of optimal saving
rate (golden rule) for an endogenous production function built on the
basis of a micro-description of the dynamics of production capacity. The
production capacities are distributed according to the moments of crea-
tion (vintage capacity model) and are limited by the age of their possible
use. The main hypothesis of the model is that the number of workplaces
on a production nit is fixed, and the capacity decreases with a constant
pace. The resulting production function reflects explicitly the mecha-
nisms for control of the production system. The average labor intensity
is a short-term control, while the share of new capacities and their age
limit are long-term controls. The golden rule for the Solow model is for-
mulated in terms of capacity and labor intensity. The new endogenous
production function gives new effects. The optimal level of accumulation
rate does not depend on the choice of output elasticity by a production
factor. The age limit of production capacity is a new production factor
of the endogenous production function. It affects the value of effective
labor per unit of capacity stock.

Keywords: Vintage capacity model - Endogenous production function
- Russian economy model - Golden rule - Saving rate - Solow model.

1 Introduction

The golden rule of capital accumulation is well known in mathematical economics
and it is included in standard courses on economic growth [1,2]. The solution
to this problem has been considered in many works, see, for example, [3-5].
The golden rule of capital accumulation establishes a condition under which the
capital-labor ratio (capital stock per worker) maximiz
(consumption per worker) in a steady state of economic growth. In a simple
model without scientific and technological progress, the golden rule boils down
to the fact that the marginal productivity of capital is equal to the sum of the
population growth rate and the rate of capital degradation.

°s average consumption

* The publication has been prepared with the support of the "RUDN University Pro-
gram 5-1007.
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description for the stages of the production cycle of the

are sharp changes in the structure of production capa

cconomy, in which there
ties.
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A clear mathematical formulation of the problem of optimal economic growth
for the simplest dynamic economic model, taking into account restrictions on
control, is presented, for example, in [6]. In addition, it is possible to solve the
control synthesis problem, i.e. find an explicit expression of the dependence of
the optimal control on the state of the system (phase coordinate) [6]. The latter
allows to formulate a universal golden rule [6] for choosing the optimal level of
consumption depending on the current level of capital-labor ratio, valid for all
time points and for all not too large initial levels of capital-labor ratio. On the
contrary, here the golden rule is not considered for the entire optimal trajectory
of movement, but only for those areas where the optimal control does not take
boundary values and for characteristic growth pathes. However, this problem is
considered here not only for the standard Cobb-Douglas production function,
but in the main for a new endogenous production function. This allows us to get

P

new effects that have an economic applied character.

In the extreme case, if the savings are zero, all the income is consumed, which
cancels the investment as well as the replacement of the capital which wears out.
In the long run, when capital is fully consumed, income
The same is true for consumption: an exa ve preference for short-term con-
sumption is to the detriment of future generations. If the
full incom

is reduced to almost zero.

vings are equal the

all these revenue

ould go to investment but consumption is zero
Growth is zer
not benefit future generations either. Between thes

too. Exc

and there is no incentive to inv ive foresight does

there is (at
least) a level of savings that maximizes average growth, allowing the growth of

> two extremes

regular and identical consumption for all generations (intergenerational solida-
rity). According to [4], the only way to reach this optimum is to set the real
interest rate at a value equal to population growth. Indeed, if we can adjust the
marginal productivity rate of capital to the population growth rate, we can also
adjust the savings rate to the share of profit in the national income.

Formally writing, the nation wants to maximize intertemporal utility

.
/ tuler)dt,
0

where u(c;) is the instant utility of consumption and § is the subjective rate of
time discount. If K is capital, L is labor and Y is output of production, then
k = K/L is the ratio of capital to labor, f(k) = Y/L is the homogeneous of
degree one production function. The evolution of consumption depends on the
differential equation

= f(k) —nk—c,
where ¢ = C/L is is the per capita consumption, n = L/L is the growth rate of

the population, and the point above a variable is the derivative over time. The
current value of the Hamiltonian has the form

H =u(ct) +x (f(k) —nk—c),
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