[image: ]


[image: ]


Abstract
Report 47p., 1 book, 9 fig., 33 sources, 3 appendix.
THIN FILMS, HYDROGEN INDEX, STRUCTURE, RESISTANCE, TIN OXIDE, SnO2, SOL-GEL
Object of research: thin films of tin oxide SnO2.
Objective of the work: to study the effect of solution parameters on the structure and thermal stability of properties of SnO2 thin films.
Methods of work: experimental-sol-gel method, computational-computer modeling of nanofilm formation  patterns.
The results of the work and its novelty:
1) A decrease in the sensitivity of SnO2 films to ethanol vapors was found with an increase in the concentration of ammonium hydroxide NH4OH in the film-forming solution.
2) The stability of the response time under thermal action of films with additives of 1.0 ml, 1.5 ml and 2.0 ml NH4OH is shown.
3) The stability of the resistance of films with additives of 1.5 ml and 2 ml was found during annealing of 250°C for 6 and 9 hours. The sample, with an addition of 2.0 ml, demonstrates stability of sensitivity to ethanol vapors, from the annealing duration at 250oC.
4) A mathematical model of changes in the structure and properties of films obtained from solutions with different chemical parameters from thermal effects has been developed.
The scope of the results: creation of touch screens, gas analysis equipment, solar cells.
Recommendations for implementation: the results of research on the creation of SnO2 films for various purposes based on a low-cost method can be used to create sensors for monitoring leaks of toxic and flammable gases, to create anti-reflective coatings for solar photo-converters, to create de-icing coatings and touch screens, etc.
Economic efficiency and significance of the work: the obtained film samples have thermally stable gas-sensitive properties, and also reduce the cost of the final product.
Assumptions about the development of the research object: the next stage of the project development is the submission of research  results for commercialization.
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LIST OF ABBREVIATIONS, DESIGNATIONS, AND DEFINITIONS

	Alloying
	–
	Controlled introduction of additional components into the film-forming solution

	Coagulation
	–
	Combining particles of the dispersed phase into aggregates due to the adhesion of particles when they collide as a result of Brownian motion

	Dispersed phase
	–
	a collection of small homogeneous solid particles, liquid droplets or gas bubbles, evenly distributed in the environment

	Sol-geltechnology
	–
	A method based on the synthesis of colloidal particles based on various materials, followed by their polycondensation and formation of gels (spatial structures), and further removal of the solvent.

	Sensor
	–
	A primary device that selectively responds to changes in certain properties of the environment and allows recording this response as a corresponding signal

	QCD
	–
	Quantum chromodynamics

	QED
	–
	Quantum electrodynamics 
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INTRODUCTION

Assessment of the current state of the scientific and technical problem being solved
The study of the influence of colloidal parameters of solutions in the sol-gel process on the structure and thermal stability of the properties of SnO2 thin films is an urgent task for many experimental groups [1-2].
The scope of application of the results obtained in the project is extensive. The results obtained in the project will be the greatest importance for the rapidly developing solar power industry [3-4] and in gas analysis equipment [5]. The ability of the lattice oxygen to enter into a chemical reaction and, at the end, be renewed by the oxygen of the gas phase, allows the use of SnO2 as a catalyst for oxidative processes. Tantalum-doped SnO2 serves as capacitor electrodes in a new generation of dynamic random access memory (DRAM) devices [6-15].
The properties of tin oxide films depend on surface uniformity, stoichiometry, adhesion to the substrate surface, and other parameters. The dominant mechanism for the formation of spatial structures is self-organization, a significant contribution to which is made by alloying additives [16-18].
In CIS countries the leading position in this field is a research group of the Department of semiconductor electronics of the Tomsk state University, which engaged in the development of gas analysis equipment, as well as the faculty of material Sciences of Moscow state University who study films obtained by the Sol-gel method, for the needs of solar energy [19-20]. 
The basis and initial data for development of themes
Our research group doped tin oxide films with fluorine ions, adding crystalline NH4F to the film-forming solution. A change in the acidity of the solution was observed after the fluorinating agent was dissolved. To detect the effects of NH4+ ions and changes in the acidity of the solution, three groups of samples were made and studied. 1 – from SnCl4 solutions in ethanol without additives, 2 – with the addition of NH4F, 3 – with the addition of NH4OH, but with the same pH as in the solution with the addition of NH4F. The same increase in sensitivity to ethanol vapors and similar changes in the optical properties and structure of group 2 and 3 films were found. This was the main idea of this project-to study the effect of the properties of solutions on the structure and properties of films.
In the project special attention is paid to the chemical parameters of film-forming solutions. In particular, alcoholic solutions of tin tetrachloride may contain both alkoxy compounds (reaction 1) and tin acid (reaction 2), depending on the pH.

SnCl4 + 4C2H5OH  Sn(C2H5O)4 + 4HCl                                          (1)

SnCl4 + 4H2O   Sn(OH)4 + 4HCl                                               (2)
Tin hydroxide (tin acid), at the time of formation, has a gel-like structure. Long-term storage of the solution leads to the destruction of this structure with the formation of individual sol particles. Solutions are applied to the surface of the substrate and dried. Unstable tin acid decomposes to form water and the desired tin oxide (reaction 3)

Sn(OH)4    SnO2 + 2H2O                                                    (3)

The features of the formation of crystal structures can be considered depending on the technological conditions of competition between these two processes.
Justification for the need of research
Research results on the creation of porous SnO2 nanofilms based on Sol-gel method will significantly reduce the cost of the final product in the production of sensors for monitoring leaks of toxic and combustible gases, in the creation of anti-reflective coatings for solar photo-converters and touch screens, etc.
Information about the scientific and technical level of development, patent research and conclusions from them
A patent search was conducted using the Web of Science and the Derwent Innovations Index patent database (from 1963 to the present). Serving as a combination of unique patent information with additions provided by more than 50 patent authorities and indexed in Derwent World Patent Index (from 1963 to the present), with citations of patents indexed in Derwent Patents Citation Index (from 1973 to the present).
The "SnO2 thin films" request with the "tin oxide" specification corresponds to 202 entries. Figure 1 shows the analysis of search results.
28 of them are dedicated to gas analysis equipment. The following patents are closest to the developed topic: "Battery driven thin film gas sensor, for use with gas leakage alarm, has intermediate tin-platinum alloy layer formed between platinum sensing membrane electrodes and tin oxide gas sensing film". Patent number: JP2007057254-A; JP4788238-B2. Inventors: KUNIHARA K, SUZUKI T, OKAMURA M, KOBAYASHI M. Names and codes of patent holders: FUJI DENKI KIKI SEIGYO KK (FJIE-C), FUJIELECTRICCOLTD (FJIE-C). Main IPCG01N-027/12. The primary identification number Derwent: 2007-668206. «High sensitivity gas sensor–has at least one of tungsten, molybdenum or vanadium added to tin di:oxide thin film». Patent number: JP6003310-A;JP3185947-B2. Inventors: NAKAHARAT, AMAMOTOT. Names and codes of patent holders: FIGARO GIKEN KK (FIGA-C). Main IPCG01N-027/12. The primary identification number Derwent: 1994-046021. Patent languages – Japanese.
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Figure 1 – Patent search analysis

However, the effect of additives on the stability of the functional properties of films was not considered.
As a result of the project, samples of films with improved properties and a utility model patent No. 3375 was obtained.
Relevance and novelty of the topic
Changes in the properties and composition of the initial solutions lead to changes in the structure and physical characteristics of the resulting tin oxide films. Many currently known studies indicate the chemical parameters of solutions, but do not pay enough attention to their influence on the structure and properties of the resulting films. Films during operation are exposed to various influences, in particular, prolonged heating (in gas sensors, de-icing coatings). Research into the influence of thermal effects on films with modified properties, which are currently unsystematic, is of great practical importance. This project is aimed at studying the structure and properties of films obtained from solutions with different chemical parameters. Special attention is paid to one of the main chemical parameters of solutions – the hydrogen pH index. The effect of long-term thermal exposure on the resulting structures was studied.
Relation of this work with other research papers
The scientific results obtained under this project allowed the Institute's team to form new tasks. The scientific results planned under the new projects are aimed at solving important applied and fundamental tasks for creating sensors for monitoring leaks of toxic and combustible gases, for creating anti-reflective coatings for solar photo-converters, for creating de-icing coatings, also touch screens, etc.
List of names of all prepared interim reports by stages and their registration numbers:
1. Influence of colloidal parameters of sol-gel solutions on the structure and thermal stability of properties of SnO2 AR05134263-OT-18 thin films. The inventory number of the interim report for the 2018 is 0218RК00432.
2. Influence of colloidal parameters of sol-gel solutions on the structure and thermal stability of properties of SnO2 AR05134263-OT-19 thin films. Inventory number of the interim report for 2019 is 0219RK00487.

1 KEY RESULTS FOR 2018-2019
1.1 Key results for 2018
1 The colloidal properties of solutions with changes in concentration and chemical composition are studied. A decrease in the value of the hydrogen index was found with an increase in the concentration of tin tetrachloride in the solution. As the concentration of tin ions in the solution increases, the density, viscosity, and surface tension increase. Adding ammonium hydroxide to solutions increases the hydrogen index, density, viscosity, and surface tension.
2 The influence of chemical parameters of film-forming solutions on the structure and properties of the resulting films was studied. The parameters of solutions at which the obtained films have stable adhesion to the substrate are determined. It was found that an increase in pH leads to the appearance of structural formations. Moreover, with increasing pH, the size of structural formations increases, and the shape changes. It was found that films obtained from solutions with a tin ion concentration of less than 0.2 mol/l have stable adhesion to the glass substrate. Films obtained from a solution of tin tetrachloride with a concentration of 0.36 mol / l are prone to peeling from the substrate.
3 Mathematical computer methods for analyzing the regularities of nanofilm formation have been developed. The results of modeling the features of maturation of solutions and the formation of structures in thin films of tin dioxide SnO2 obtained by the sol-gel method are presented. It is found that the nonlinear evolution of sol-gel random processes leads to a fractal structure of film clusters. The parameters of cluster formation and the morphology of the thin film are presented, depending on the control parameters related to the concentration of tin in the solution and the amount of catalyst.
4 The characteristics of the resulting films were studied. The following parameters were determined: transparency of films, band gap, refractive index, etc. It was found that the transparency of the films decreases with an increase in the amount of ammonium hydroxide added to the solution. The spectra were determined by: refractive index-1.733; film thickness-316 nm; absorption coefficient-11 * 10-3 cm-1. The band gap is 3.6 eV.
5 The stability of the functional properties of films under thermal influence was studied. The regularity of changes in the structure and transparency of films from the annealing temperature is studied. It was found that with an increase in the annealing temperature, no significant changes in the structure (at this increase) are observed. The transparency of films increases with increasing annealing temperature.



1.2 Key results for 2019
1 The influence of chemical parameters of film-forming solutions on the structure and properties of the resulting films is studied. By increasing the pH of the film-forming system in the range from 1.4 to 1.49, optical microscopy revealed the growth of surface structures, the connection between which is stable. The transmittance of such films is reduced to a minimum at pH=1.49. With an increase in pH in the range from 1.51 to 1.53, the growth of structural formations continues, but already in the volume of the film. At the same time, voids appear, which indicates a decrease in the adhesion of the films to the glass substrate.
2 The influence of chemical parameters of film-forming solutions on the surface resistance of samples was studied. The change in resistance when the sample is heated is determined. It was found that the films obtained from the SnCl4/EtOHc film-forming system with pH=1.40 were 47.0±4.5 MOhm at room temperature. An increase in the pH of the film-forming system leads to an increase in the film resistance, at room temperature, more than 200 MOhm. When the films are heated, the resistance decreases. A direct dependency was found between the pH of the film-forming system and the film resistance. At 270oC, the film resistance varies from 6.7±0.7 MOhm to 36.6±3.7 MOhm depending on the pH of the film-forming system.
3 The dependence of the functional properties of films on the duration of thermal exposure is studied. A decrease in the transmittance from 93% to 88% was found with an increase in the annealing time for films obtained from a film-forming system with a pH of 1.40. The transmittance of films obtained from a film-forming system with a pH of 1.49 to 1.53 varies within 2%. An increase in the number of structural elements with an increase in the duration of annealing was found  in films obtained from film-forming systems with pH=1.49 and 1.53.
4 The regularity of changes in the surface resistance from the annealing temperature is studied. A decrease in the film resistance was found with an increase in the annealing temperature. Annealing at 200 oC (15 minutes) does not change the resistance. An increase in the annealing temperature to 400 °C leads to a decrease in resistance by 1.5-2 times.
5 Correlation studies of the thermal effect on the structure of the obtained films were carried out. It is found that at annealing temperatures below 250 °C, the spectrum of the crystallographic structure of the film is a narrow peak of high intensity at angles 2θ= 31.65±0.26 (twice the scattering angle of diffracted x-rays on the crystal lattice of the sample). At annealing temperatures above 400 °C 4 characteristic peaks of tin dioxide SnO2 are distinguished in the spectrum of the crystallographic structure of the film at angles 2θ=26.7±1.9, 33.9±2.2, 38.1±1.1 and 52.2±3.3 degrees. These signals correspond to the crystallographic planes of tin dioxide SnO2 (110), SnO2(101), SnO2(200), and SnO2(211), respectively. A model of the influence of thermal action on the properties of films based on the formation of cluster structures depending on the "competition" of the processes of formation of tin acid Sn(OH)4 and its decomposition into water and tin dioxide is developed.
6 The evolution of a thin film is modeled according to the solution of a differential diffusion equation with a nonlinear internal source for the formation and destruction of structures in a chemical reaction with diffusion. A change in the dynamics of the concentration of intermediate products of a chemical reaction depending on the parameters of the initial concentrations was found.

2 STUDY OF THE CHARACTERISTICS (OPTICAL, ELECTRICAL, gas-SENSITIVE, etc.) OF THE RESULTING FILMS
The implementation of this section is scheduled for the period from July 2018 to March 2020. In accordance with the calendar plan, a study of adsorption sensitivity to ethanol vapors was planned for 2020.
The sensitivity to ethanol vapors was studied on an experimental assembly that allows heating the substrate up to 270oC. The sample was mounted on a heating element, and the film resistance was measured using a UT70B multimeter. At the same time, the measurement data was displayed on the laptop in online mode.
As an example, figure 2 shows experimental data on the sensitivity of SnO2 films to ethanol vapors without additives.


Figure 2 – Change in the resistance of SnO2 films when ethanol vapors are applied

As can be seen from figure 2, when ethanol vapors are applied, the film resistance decreases. The system for determining gas sensitivity was close to the operating conditions of commercially available sensors. The sensor element is not isolated after the gas mixture is released, but remains in contact with the ambient air. After interacting with the film, the ethanol vapors into the environment. The resistance of the films increases when ethanol vapors. After reaching the initial resistance value, the next portion of the detected gas is released.
The sensitivity to ethanol vapors was studied on an experimental setup that allows heating the substrate up to 270 oC. The sample was installed on a heating element, the resistance of the films was measured with a UT70B  multimeter, and  the data was output to a laptop.
The sensitivity of tin dioxide films was determined as the ratio:

 ,						(4)
where R0– is the resistance of the gas-sensitive layer in clean air; Rg– is the resistance of the gas-sensitive layer in the presence of ethanol vapors of a certain concentration.
Figure 3 shows the dependence of the sensitivity of films to ethanol vapors of different concentrations. As can be seen from this figure, the sensitivity to ethanol vapor decreases with increasing concentration of ammonium hydroxide in the film-forming system.
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1-film without additives, 2-with 0.5 ml NH4OH, 3-with 1.0 ml NH4OH, 4-with 1.5 ml NH4OH, 5-with 2.0 ml NH4OH

Figure 3 - dependence of film sensitivity on ethanol vapor concentration


3 STUDY OF THE STABILITY OF FUNCTIONAL PROPERTIES OF FILMS UNDER THERMAL INFLUENCE
The implementation of this section is scheduled for the period from September 2018 to August 31, 2020. In 2020, in accordance with the calendar plan, it was planned to study the regularity of changes in the adsorption sensitivity to ethanol vapor from the annealing temperature.
Figure 4 shows the results of measurements of the adsorption sensitivity to ethanol vapor from the annealing temperature.
The samples were divided into 4 parts: the first is not subjected to a heat treatment, the second was annealed for 1 hour at 200 oC, and the third for 1 hour at 300 oC, the fourth – for 1 hour at 400 oC.
As can be seen from figure 4a, annealing at 200 oC reduces the sensitivity of films without additives to ethanol vapor. 300 oC-increases the sensitivity, and annealing at 400 oC for an hour affects the sensitivity to ethanol vapor within the measurement accuracy.
Annealing at 200 oC and 300 oC films, with the addition of 0.5 ml of an aqueous solution of ammonia, leads to an increase in sensitivity to ethanol vapors. Hourly annealing at 400 ° C leads to a decrease in sensitivity at concentrations above 1.5 MPC (figure 4b). Figure 4c shows that annealing 200 oC and 300 oC films, with the addition of 1.0 ml of an aqueous solution of ammonia, leads to the same increase in sensitivity to ethanol vapors. Annealing these films at 400 ° C for an hour leads to a smaller increase in sensitivity.
Films obtained from the SnCl4/EtOHс film-forming system with the addition of 1.5 ml of 32% ammonia solution increase the sensitivity to ethanol vapor after annealing. However, the annealing temperature does not affect the increase in sensitivity (figure 4d).
Important technical characteristics of gas sensors are response time and recovery time.
The response time is taken as the time during which the resistance of the films, when the gas mixture is injected, reaches the minimum value. Recovery time – the time it takes for the resistance to reach the initial values from the minimum value.
Table 1 shows the response time depending on the annealing temperature of the films. Table 1 shows that the response time of films obtained from the film-forming system without additives decreases by about 1.8 times after annealing 200 oC 1h. Annealing of the original films at 300 °C for 1 hour leads to a similar reduction in response time. Films with additives of 1.0 ml, 1.5 ml, and 2.0 ml NH4OH have a more stable response time under thermal influence. The response time of these films varies within the measurement accuracy.
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a) film without additives, b) with the addition of 0.5 ml NH4OH, C) 1.0 ml, d) 1.5 ml.
1-after receiving, 2 - 200 oC 1 hour, 3 - 300 oC 1 hour, 4 - 400 oC 1 hour.

Figure 4 - dependence of the sensitivity of films on the concentration of ethanol vapors after thermal exposure

Table 1- Response time depending on the annealing temperature of films
	
	After receiving
	After annealing 200 оС, 1hour.
	After annealing 300 оС, 1hour.
	After annealing 400 оС, 1hour.

	Without additives
	7,0±0,1s.
	3,9±0,2s.
	4,0±0,1s.
	5,4±0,7s.

	+0,5 ml NH4OH
	7,0±0,7s.
	4,2±0,5s.
	4,8±0,4s.
	4,8±0,5s.

	+1,0 ml NH4OH
	5,3±0,6s.
	4,8±0,9s.
	5,3±0,6s.
	5,8±0,4s.

	+1,5 ml NH4OH
	5,8±0,5s.
	6,2±0,7s.
	6,5±0,9s.
	6,6±0,6s.

	+2,0 ml NH4OH
	6,5±0,8s.
	6,7±0,7s.
	6,9±0,3s.
	6,3±0,7s.



The recovery time of the initial resistance value depends on the concentration of ethanol vapors (figure 2). Table 2 shows the values of the recovery time when ethanol vapors are injected at a concentration of 1MPC (1 mg / l).

Table 2-recovery Time depending on the annealing temperature of films (per 1PDC)
	
	After receiving
	After annealing 200 оС, 1hour.
	After annealing 300 оС, 1hour.
	After annealing 400 оС, 1hour.

	Without additives
	99±2s.
	101±3s.
	104±5s.
	53±4s.

	+0,5 ml NH4OH
	70±3s.
	83±5s.
	94±4s.
	67±5s.

	+1,0 ml NH4OH
	60±2s.
	106±5s.
	128±3s.
	63±3s.

	+1,5 ml NH4OH
	63±5s.
	96±9s.
	108±7s.
	68±9s.

	+2,0 ml NH4OH
	56±6s.
	91±8s.
	109±9s.
	57±7s.



As can be seen from table 2, the recovery time increases with an increase in the annealing temperature of 200 oC and 300 oC films, regardless of the concentration of ammonium hydroxide in the film-forming solution. When annealing 400 oC one hour, the recovery time values differ from the values after obtaining within the measurement accuracy.


4 STUDY OF THE STABILITY OF FUNCTIONAL PROPERTIES OF FILMS DEPENDING ON THE DURATION OF THERMAL EXPOSURE
To achieve maximum sensitivity to ethanol vapors, the films were heated to 250 oC. At this stage of the study, the influence of the duration of thermal exposure at the operating temperature of the sensor element (250 oC) was studied. The resistance of the films was determined by 10 measurements on different parts of the samples. The Student’s coefficient for 10 measurements with a reliability of 0.95=2.262. The error was calculated by the formula:

					(5)

where ∆ - the absolute measurement error, t(γ, n-1) - the student’s coefficient, Ai - the value of the i-th measurement,  ̅A – the arithmetic mean, and n is the number of measurements.
Table 3 shows the values of the active resistance measured at a distance of 1 mm between the probes.

Table 3 - Film resistance from the duration of thermal exposure
	Образец
	After receiving, 
kОм
	After annealing 250 оС 3 hours, kОм.
	After annealing 250 оС 6 hours, kОм.
	After annealing 250 оС 9 hours, kОм.

	Without additives
	79,4±7,8 
	138,5±14,1
	155,6±14,9
	827,4±76,8

	+0,5 ml NH4OH
	45,0±4,3
	24,2±2,5
	28,2±3,0
	50,7±4,8

	+1,0 ml NH4OH
	20,8±3,1
	13,8±1,4
	50,3±4,9
	139±12,6

	+1,5 ml NH4OH
	15,8±1,7
	8,84±0,96
	33,8±3,2
	35,6±3,4

	+2,0 ml NH4OH
	43,2±4,9
	29,6±3,1
	394,7±29,1
	404,2±43,8



As can be seen from table 3, the resistance of films without additives increases with increasing annealing time. The resistance of the remaining samples decreases during annealing of 250 °C for 3 hours. Increasing the annealing time to 6 and 9 hours leads to an increase in the resistance of films with 0.5 ml and 1.0 ml additives. The resistance of films with additives of 1.5 ml and 2 ml during annealing of 250 °C for 6 and 9 hours varies within the measurement accuracy.
Figure 5 shows the results of measurements of the adsorption sensitivity to ethanol vapors from the duration of thermal annealing.



a) film without additives, b) with the addition of 0.5 ml NH4OH, C) 1.0 ml, d) 1.5 ml) 2.0 ml. 1-after receiving, 2-3 hours, 3-6 hours, 4-9 hours.

Figure 5 - Dependence of the film sensitivity on the concentration of ethanol vapor after annealing at 250 °C for 3, 6 and 9 hours
Figure 5a shows that films obtained without additives, after annealing at 250 °C for three hours, increase the sensitivity to ethanol vapor concentrations above 1 MPC. Further annealing at 250 oC reduces the sensitivity to ethanol vapors.
Figure 5a), b), c) shows that three-hour annealing increases the sensitivity to ethanol vapor of films without additives and with the addition of 0.5 ml and 1.0 ml. However, with the increase in the number of additives, the increase in sensitivity to ethanol vapors varies. Further annealing leads to a decrease in the sensitivity of these films.
The sensitivity to ethanol vapor of the film obtained from the SnCl4/EtOHс film-forming system with the addition of 1.5 ml of 32% aqueous ammonia solution decreases with increasing annealing time (figure 5c).
Of particular interest is the film obtained from the SnCl4/EtOHс film-forming system with the addition of 2.0 ml of 32% aqueous ammonia solution. Annealing 250 oC for 3 hours increases the sensitivity to ethanol vapor both at low and high concentrations. A further increase in the annealing time to 6 and 9 hours does not lead to significant changes in the sensitivity to ethanol vapors. Thus, this sample demonstrates stability of sensitivity to ethanol vapor after annealing at 250 oC.



5 DRAFTING A MATHEMATICAL MODEL OF CHANGES IN THE STRUCTURE AND PROPERTIES OF FILMS OBTAINED FROM SOLUTIONS WITH DIFFERENT CHEMICAL PARAMETERS FROM THERMAL EFFECTS
Currently, there are unsolved fundamental problems of the lack of a theory of the origin of structures in both QED and QCD. This also applies to non-equilibrium thermodynamics and non-perturbativechromodynamics. In nonlinear thermodynamics, such effects as self-organization in non-equilibrium processes occur. Collective phenomena, such as self-organization of structures, cannot be described by approximate methods for solving the Schrodinger equation for many bodies. In such cases, it is effective to use methods of the nonlinear theory of dynamical systems, when differential equations are replaced by discrete Poincare maps. Nonlinear theory operates with such fundamental concepts as bifurcation and fractal structure. Correlated interaction of a large number of ensemble elements can lead to the phenomenon of self-organization.
The theory and technology of thin films is becoming relevant at the present stage of development of approaches to condensed matter. Changes in the electrical conductivity of thin layers of tin dioxide SnO2 during gas adsorption became the basis for their use in semiconductor sorption sensors along with other applications [21]. For gas-sensitive sensors, films with a controlled porous structure are of particular interest. Currently, several methods for producing a thin film of tin dioxide based on Sol-gel technology have been developed [22-24].
A significant achievement of our time is the experimental confirmation of the appearance of fractal structures of colloidal particles of the dispersed phase. Models of fractal structure formation differ by clustering mechanisms: models of diffusion-restricted aggregation [25] and models of cluster-cluster aggregation [26]. The low probability of particles/clusters sticking together leads to deep penetration of clusters into each other and the formation of small fractal clusters [27-30].
The sol-gel process takes place against the background of thermal diffusion, the influence of which becomes more significant as the temperature increases. In diffusion processes, the mass flow is caused by the motion of particles involved in Brownian thermal chaotic motion with energy kT proportional to temperature (T is the absolute temperature, k is the Boltzmann constant). Mathematical models of diffusion processes are based on the fundamental laws of conservation of matter in the integral or differential form of the Ostrogradsky-Gauss equations.For small differences in the concentration of the substance u (r, t), the law for the diffusion flow is applicable: [d * grad u(r, t)]. In the case of significant changes in concentration over time, the law of diffusion applies:	
The concentration of reagents, depending on the scheme and mechanism of the dynamic process, simultaneously decreases in proportion to the concentration and increases in parallel competing, sequential or reversible chemical reactions. Given that the diffusion process from the concentration of matter u(x,y,t) in the approximation of deterministic dynamic chaos is described by the diffusion equation with dynamically determined chaos. Thus, the differential equation of the diffusion process in a chemically active medium with a dynamically determined randomness associated with the quadratic nonlinearity u2 can be represented as [31]:

					(6)

with the porosity coefficient kp [8] or
			(7)

This differential equation of a chemical process on the background of diffusion includes a nonlinear function
				(8)

with the normalization condition A and the evolution parameter µ. the Nonlinear function f(u) is the density of the internal source of structures in the evolutionary competition of generation and recombination of matter elements (molecules, ions, clusters) of a dynamical system with the coefficients of birth α and absorption β. For certain values of the parameter μ, the function f(u) leads to the so-called deterministic dynamic chaos.
We use an explicit Euler difference scheme with a uniform time step and spatial coordinate. For the difference scheme, we introduce a time step Δt=τ and a step along the coordinate Δr=L. The derivatives in the differential equation are replaced by their difference analogs and approximate lattice points are obtained:

			(9)

Next, we program the system of chemical reaction equations with diffusion and perform numerical calculations of the difference scheme of the differential equation. Thus, a nonlinear differential equation of chemical reactions with diffusion in Sol-gel during the formation of a thin SnO2 film is modeled and numerically solved.
The results of numerical computer calculations of the differential equation for the evolution of the thin film surface with increasing temperature in the sol-gel process are shown in figures 6 and 7.
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Figure 6 – Evolution of the thin film structure with increasing process temperature

The formation of structures depends on the temperature of the process and the time of evolution, which in our model is determined by the parameter k.
The results are shown in figure 7.
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Figure 7 – Stages of formation of SnO2 thin film surface structures for the parameter k=0.1; k=0.2; k=0.5; k=0.9

The expected characteristics of a thin tin dioxide film are determined mainly by the fractal dimension of clusters and are determined by the evolution parameter of a deterministic chaotic dynamical system. Mandelbrot defined a fractal as an object with a Hausdorff-bezikovich dimension (fractal dimension) that exceeds its topological dimension. To determine the fractal dimension an increment of the mathematical expectation is constructed [32].

				(10)

A study of the solution of a nonlinear differential equation depending on various initial conditions is carried out. There is a direct proportionality between the maturation temperature of thin films and the evolution time in modeling the sol-gel system. More specifically, it is the number of steps in the numerical solution of a differential equation. The model is constructed by analogy with the so-called Prigogine brusselator [33] for solving a system of equations for an autocatalytic chemical reaction with diffusion. The modelling is performed according to the following algorithm. Several pairs of initial conditions are set for the concentration of reagents. A combined matrix is formed from separate matrices of solutions to the differential equation for different initial conditions. Calculations of the evolution of the dynamic system of a chemical reaction with Sol-gel diffusion for the formation of thin films are shown in figures 8 and 9. the constructed trajectories on the phase plane reflect the dynamics of the concentration of intermediate products of the chemical reaction. The model parameters are the initial concentrations.

[image: ][image: ][image: ]
Figure 8 - Graph of the time dependence of the solution of the differential equation
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Figure 9 - Comparison of two different methods results of calculating the phase portrait of the Sol-gel process evolution at different initial concentrations of chemical reagent

Figure 9 shows that all trajectories from the solution of a system of differential equations that come from different initial points converge to the so-called attractor with coordinates (1,1) from the theory of nonlinear dynamical systems. In this case, this attractor is a "node". The counteraction of various direct and reverse chemical reactions along with coagulation and peptization in a dispersed medium in Sol-gel processes with a stochastic diffusion component leads to the establishment of a certain stationary state with an equilibrium concentration. This will allow you to get the optimal parameters.
The presence of fractal structures in the experimental results on thin films means the presence of nonlinear collective phenomena associated with the stochasticity of the process. Fractal dimension is an important parameter for understanding the properties of film roughness. Algorithms for evolutionary programs have been developed and numerical computer calculations have been performed to model the formation of nanostructured clusters of thin films.
Thus, we propose a mechanism for the formation of structures within the introduced nonlinear equation for competing processes of decay and fusion on the background of weak diffusion. This is a new approach to the mechanism of structure formation. The results of computer modeling indicate the presence of collective effects of self-organization of stable structures. The nonlinear evolution of multiparticle systems of sol-gel dynamics with counteracting chemical reactions leads to the formation of fractal clusters, which corresponds to the available experimental data on the fractal structure in thin films. A software product has been created for analyzing the patterns of nanofilm formation. A general method for studying non-equilibrium processes for nanostructure technology is developed.


CONCLUSION

Brief conclusions on the results of research and individual stages (conclusion for 2018 and 2019 through).
The following results were obtained during the entire project implementation  period:
	- A decrease in the value of the hydrogen index was found with an increase in the concentration of tin tetrachloride in the solution. As the concentration of tin ions in the solution increases, the density, viscosity, and surface tension increase. Adding ammonium hydroxide to solutions increases the hydrogen  index, density, viscosity, and surface tension.
	− It was found that an increase in pH leads to the appearance of structural formations. Moreover, with increasing pH, the size of structural formations increases, and the shape changes. It was found that films obtained from solutions with a tin ion concentration of less than 0.2 mol/l have stable adhesion to the glass substrate. Films obtained from a tin tetrachloride solution with a concentration of 0.36 mol/l are prone to peeling from the substrate.
	− It is shown that when the pH of the film-forming system is increased in the range from 1.4 to 1.49, the growth of surface structures is detected by optical microscopy, the connection between which is stable. The transmittance of such films is reduced to a minimum at pH=1.49. With an increase in pH in the range from 1.51 to 1.53, the growth of structural formations continues, but already in the volume of the film. At the same time, voids appear, which indicates a decrease in the adhesion of the films to the glass substrate.
	- Mathematical computer methods for analyzing the patterns of nanofilm formation have been developed. The results of modeling the features of solution maturation and structure formation in thin films of tin dioxide SnO2 obtained by the sol-gel method are presented. The formation of cluster structures is considered depending on the "competition" of two processes: the process of hydrolysis of tin tetrachloride SnCl4, which leads to the formation of tin acid Sn(OH)4, and the process of decomposition of gel-like tin acid into water and tin dioxide. It is found that the nonlinear evolution of sol-gel random processes leads to a fractal structure of film clusters. The parameters of cluster formation and the morphology of the thin film are presented, depending on the control parameters related to the concentration of tin in the solution and the amount of catalyst.
	− It was found that with an increase in the amount of ammonium hydroxide added to the solution, the transparency of the films decreases. The spectra were determined by: refractive index-1.733; film thickness-316nm; absorption coefficient-11 * 10-3 cm-1. The band gap is 3.6 eV.
	− It was found that with an increase in the annealing temperature, no significant changes in the structure (at this increase) are observed. The transparency of films increases with increasing annealing temperature.
	- It was found that the films obtained from the SnCl4/EtOH film-forming system with pH=1.40 at room temperature is 47.0±4.5 MOhm. An increase in the pH of the film-forming system leads to an increase in the film resistance, at room temperature, more than 200 MOhm.. A direct relationship was found between the pH of the film-forming system and the film resistance. At 270 oC, the film resistance varies from 6.7=0.7 MOhm to 36.6=3.7 MOhm depending on the pH of the film-forming system.
	− A decrease in the transmittance from 93% to 88% was found with an increase in the annealing time for films obtained from a film-forming system with a pH of 1.40. the transmittance Of films obtained from a film-forming system with a pH of 1.49 to 1.53 varies within 2%. An increase in the number of structural elements with an increase in the duration of annealing was found in films obtained from film-forming systems with pH=1.49 and 1.53.
	- A decrease in the resistance of films with an increase in the annealing temperature is shown. Annealing at 200 oC (15 minutes) does not change the resistance. An increase in the annealing temperature to 400 ° C leads to a decrease in resistance by 1.5-2 times.
	- Correlation studies of the thermal effect on the structure of the obtained films were carried out. It is found that at annealing temperatures below 250 °C, the spectrum of the crystallographic structure of the film is a narrow peak of high intensity at angles 2θ = 31.65±0.26 (twice the scattering angle of diffracted x-rays on the crystal lattice of the sample).At annealing temperatures above 400 °C 4 characteristic peaks of tin dioxide SnO2 are distinguished in the spectrum of the crystallographic structure of the film at angles 2θ=26.7±1.9, 33.9±2.2, 38.1±1.1 and 52.2±3.3 degrees. These signals correspond to the crystallographic planes of tin dioxide SnO2 (110), SnO2(101), SnO2(200), and SnO2(211), respectively. A model of the influence of thermal action on the properties of films based on the formation of cluster structures depending on the "competition" of the processes of formation of tin acid Sn(OH)4 and its decomposition into water and tin dioxide is developed.
	- Modeling of the evolution of a thin film according to the solution of a differential diffusion equation with a nonlinear internal source for the formation and destruction of structures in a chemical reaction with diffusion is carried out. Changes in the dynamics of the concentration of intermediate products of the chemical reaction depending on the parameters of the initial concentrations were found.
	- A decrease in the sensitivity of SnO2 films to ethanol vapors was found with an increase in the concentration of ammonium hydroxide in the film-forming solution.
	- The stability of the response time under the thermal action of films with additives of 1.0 ml, 1.5 ml and 2.0 ml NH4OH is shown.
	- The stability of the resistance of films with additives of 1.5 ml and 2 ml was found during annealing of 250 °C for 6 and 9 hours. The sample, with an addition of 2.0 ml, demonstrates stability of sensitivity to ethanol vapors, from the annealing duration at 250 oC.
	- A mathematical model of changes in the structure and properties of films obtained from solutions with different chemical parameters from thermal effects has been developed.
Evaluations of completeness of targets solutions 
Due to the reduction of funding by 7 (seven) times compared to the requested amount, the calendar plan (Appendix B) was amended in accordance with the supplementary agreement (Appendix С, paragraph 2.4, no. AR05134263, Appendix 1.6). "State in a new version: "research Results will be published in foreign scientific journals indexed by the Web of Science or Scopus database (at least two articles), in Kazakh journals with a non-zero impact factor (at least two articles). A patent will be obtained in the Kazakhstan patent office."
Subject to the changes, in accordance with the supplementary agreement, the tasks were completed in full. As a result of the project, patent No. 3375 was obtained, and articles were published in foreign scientific journals indexed by the Web of Science or Scopus database (3 articles), as well as in Kazakhstan journals with a non-zero impact factor(2 articles). For a complete list of published works, see Appendix A.
Development of recommendations and initial data on specific use of research results
To create antireflective coatings for solar photo-converters, to create de-icing coatings, to create touch screens and other devices in which tin oxide films act as a transparent coating, it is recommended to use film-forming systems with a concentration of tin ions up to 0.2 mol/l in order to avoid peeling the film from the glass substrate. A multi-layer coating is recommended to obtain the necessary film conductivity. When using SnO2 films as a sensitive element of sensors for monitoring the concentration of ethanol vapors in the working area, it is recommended to use film-forming systems with a concentration of tin ions of 0.11 mol/l with the addition of 2.0 ml of 32% aqueous ammonia solution per 100 ml of solution. After receiving the film, it is necessary to anneal the sensor element at the operating temperature for 1 hour. Following these recommendations will increase the sensor's service life.
Results of evaluation of technical and economic efficiency of implementation
The results obtained the great importance for the development of methods for controlling the structure of thin films to create materials with improved functional properties.
Results of evaluating the scientific and technical level of research performed in comparison with the best achievements in this field
The scientific and technical level of research is at a high level and corresponds to the best achievements of modern world science in this field of physics.
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APPENDIX B

Calendar plan for 2018-2020
TECHNICAL SPECIFICATION AND
Calendar’s of work
Under the contract No 243 from 27 March, 2018

1. "Institute of physics and technology" LLP
1.1 Priority: "Rational use of natural resources, including water resources, geology, processing, new materials and technologies, safe products and structures»
1.2 1.2 By sub-priority, Nanomaterials and nanotechnologies.
1.3 By project topic: No АR05134263/ТF «Effect of colloidal parameters of sol-gel solutions on the structure and thermal stability of SnO2 thin films»
1.4 The total amount of the project 140 21 000 (twenty one million one hundred forty thousand) tenge including total project 140 21 000 (twenty one million one hundred forty thousand) tenge, with break down by year, to perform work paragraph  3: 
- for 2018-in the amount of 7,000,000 (seven million) tenge;
- for 2019 - in the amount of 7,063,000 (seven sixty-three thousand) tenge; 
- for 2020-in the amount of  7,077,000 (seven million seventy-seven thousand) tenge.

2. Characteristics of scientific and technical products by qualification criteria and economic indicators
2.1 Direction of work: Development of a new effective technology for forming SnO2 thin films for various purposes based on the sol-gel method. Obtaining samples of films with thermally stable improved optical and gas-sensitive properties.
 2.2 Field of application: creating sensors for monitoring leaks of toxic and flammable gases, for creating anti-reflective coatings of solar phototransformers, for creating anti-corrosion and de-icing coatings, etc.
2.3 Outcome: 
- for 2018: colloid solutions will be investigated. The parameters of solutions at which the obtained films have stable adhesion to the substrate will be determined. Will be developed a mathematical model of the maturation of solutions. The following parameters will be defined: transparency of films, band gap, refractive index, etc.The regularity of changes in the structure and transparency of films from the annealing temperature will be studied.
- for 2019: The structure of films with stable adhesion to the substrate will be studied. A mathematical model of film formation will be developed. The surface resistance and the change in resistance when the sample is heated will be measured. The regularity of changes in surface resistance from the annealing temperature will be studied. A mathematical model of the effect of thermal effects on the properties of films will be developed. The effect of the duration of thermal exposure on the structure and optical properties of films will be investigated. The research results will be published in Kazakhstani publications. An application for a patent of the Republic of Kazakhstan will be submitted.
- for 2020: The adsorption sensitivity to ethanol vapors will be investigated. The regularity of changes in the adsorption sensitivity to ethanol vapor from the annealing temperature will be studied. The effect of the duration of thermal exposure on the electrophysical characteristics of films will be investigated. A generalizing mathematical analysis will be conducted for all the conducted studies.
The research results will be published in foreign scientific journals indexed by the Web of Science database: Journal of sol-gel science and technology (IF-1. 575. USA), Advances in physics (IF-9.571, England), Journal of applied physics (IF-2.171, USA), Materials science & Engineering R-Reports (IF-14.440, Netherlands), in Russian journals indexed by the SCOPUS database: Advances in chemistry (IF-3.356), Colloid journal (if-0.622), Physics and chemistry of glass (if-0.433). Obtaining a patent in the Kazakhstan patent office.
2 2.4 Patentability: patentable
2.5 Scientific and technical level (novelty): development of a new effective technology for producing SnO nanofilms with a different low-cost Sol-gel approach
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:
The results obtained during the implementation will be published in scientific journals and presented at international conferences

3. Name of works, terms of their implementation and results
	No
	Name of work under the сontract and the main stages of its implementation*
	Target date
	Expected results

	
	
	starts
	ends
	

	1
	Investigation of colloidal properties of solutions with changes in concentration and chemical composition.
	January
2018
	November 1st 2018 
	Colloidal properties of solutions with changes in concentration and chemical composition will be investigated.

	2
	Investigation of the influence of chemical parameters of film-forming solutions on the structure and properties of the resulting films.
	April
2018 
	November 1st 2018 
	The influence of chemical parameters of film-forming solutions on the structure and properties of the resulting films will be studied. The parameters of solutions at which the obtained films have stable adhesion to the substrate will be determined.

	3
	Development of mathematical and computer methods for analyzing the patterns of nanofilm formation.
	January
2018 
	November 1st 
2018 
	Mathematical and computer methods for analyzing the patterns of nanofilm formation will be developed. A mathematical model of solution maturation will be developed

	4
	Investigation of the characteristics (optical, electrical, gas-sensitive, etc.) of the resulting films.
	July
2018 
	November 1st 2018 
	The characteristics (optical, electrical, gas-sensitive, etc.) of the resulting films will be studied. The following parameters will be determined: transparency of films, band gap, refractive index, etc.

	5
	Study of the stability of functional properties of films under thermal influence.
	September
2018 
	November 1st 2018 
	The stability of the functional properties of films under thermal influence will be studied. The regularity of changes in the structure and transparency of films from the annealing temperature will be studied

	2.1
	Investigation of the influence of chemical parameters of film-forming solutions on the structure and properties of the resulting films.
	January 2019 
	November 1st 2019
	The influence of chemical parameters of film-forming solutions on the structure and properties of the resulting films will be studied. The structure of films with stable adhesion to the substrate will be studied.

	3.1
	Development of mathematical and computer methods for analyzing the patterns of nanofilm formation.
	January2019 
	March 2019 
	Will be developed mathematical and computer methods for analyzing the patterns of nanofilm formation. A mathematical model of film formation will be developed.

	4.1
	Investigation of the characteristics (optical, electric gas-sensitive, etc.) of the resulting films.
	January 2019 
	November 1st  2019 
	The characteristics (optical, electrical, gas-sensitive, etc.) of the resulting films will be studied. The surface resistance and the change in resistance when the sample is heated will be measured.

	5.1
	Study of the stability of functional properties of films under thermal influence.
	January  2019 
	November 1st 2019 
	The stability of the functional properties of films under thermal influence will be studied. The regularity of changes in surface resistance from the annealing temperature will be studied.

	6
	Correlation studies of the thermal effect on the structure of the obtained films.
	January 2019 
	November 1st 2019 
	Correlation studies of the thermal effect on the structure of the obtained films will be carried out.
A mathematical model of the effect of thermal effects on the properties of films will be developed.
The research results will be published in Kazakhstan publications with a non-zero impact factor. An application for a patent of the Republic of Kazakhstan will be submitted.

	7
	Study of the stability of functional properties of films depending on the duration of thermal exposure.
	January 2019.
	November 1st 
2019
	The stability of the functional properties of films depending on the duration of thermal exposure will be studied. The effect of the duration of thermal exposure on the structure and optical properties of films will be investigated.

	4.2
	Investigation of the characteristics (optical, electrical, gas-sensitive, etc.) of the resulting films.
	January2020 
	March
2020
	Research will be conducted. characteristics (optical, electrical, gas-sensitive, etc.) of the resulting films. The adsorption sensitivity to ethanol vapors will be investigated.

	5.2
	Study of the stability of functional properties of films under thermal influence.
	January 2020 
	August
2020
	The stability of the functional properties of films under thermal influence will be studied. The regularity of changes in the adsorption sensitivity of ethanol vapors from the annealing temperature will be studied.

	7.1
	Study of the stability of functional properties of films depending on the duration of thermal exposure.
	January2020 
	November 1st 2020 
	Stability issues will be studied. functional properties of films depend on the duration of thermal exposure.

	8
	Drawing up a mathematical model of changes in the structure and properties of films obtained from solutions with different chemical parameters from thermal exposure.
	January2020 
	November 1st
2020 
	Mathematical models of changes in the structure and properties of films obtained from solutions with different chemical parameters from thermal effects will be compiled.
The research results will be published in foreign scientific journals indexed by the Web of Science database (at least two articles): Journal of sol-gel science and technology (IF-1.575, USA), Advances in physics (if-9.571, England), Journal of applied physics (IF-2.171, USA), Materials science & Engineering R - Reports (IF-14. 400. Netherlands), in Russian journals indexed by the SCOPUS database (at least two articles): Advances in chemistry (IF-3,356) Colloidal journal (IF-0.622), Physics and chemistry of glass (IF-0.433). Obtaining a patent in the Kazakhstan patent office.
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APPENDIX C

Supplementary agreement No. 2 to the grant financing Agreement No. 243 dated March 27, 2018.

2.4 No AR05134263,  Annex 1.6: 
Section 2, paragraph 2.3. Final result, 4 paragraph  under the agreement: "research results will be published in foreign scientific journals indexed by the Web of Science database (at least two articles): Journal of sol-gel science and technology (IF-1.575, USA), Advances in physics (IF-9.571, England), Journal of applied physics (IF-2.171, USA), Materials science & Engineering R-Reports (IF-14.400, Netherlands), in Russian journals indexed by the Scopus database (at least two Articles): Advances in chemistry (IF-3.356), Colloid journal (IF-0.622), Physics and chemistry of glass (IF-0.433). Obtaining a patent in the Kazakhstan patent office".
State in a new edition: "the research Results will be published in foreign scientific journals indexed by the Web of Science or Scopus database (at least two articles), in Kazakh journals with a non-zero impact factor (at least two articles). A patent will be obtained in the Kazakhstan patent office."
Section 3, paragraph 8 for the year 2020. Expected results under the agreement: "mathematical models of changes in the structure and properties of films obtained from solutions with different chemical parameters from thermal effects will be compiled. The research results will be published in foreign scientific journals indexed by the Web of Science database (at least two articles): Journal of sol-gel science and technology (IF-1.575, USA), Advances in physics (IF-9.571, England), Journal of applied physics (IF-2.171, USA), Materials science & Engineering R-Reports (IF-14.400, Netherlands), in Russian journals indexed by the Scopus database (at least two articles): Advances in chemistry (IF-3.356), Colloid journal (IF-0.622), Physics and chemistry of glass (IF-0.433). Obtaining a patent in the Kazakhstan patent office.
Set out in a new version: "Mathematical models of changes in the structure and properties of films obtained from solutions with different chemical parameters from thermal effects will be compiled. The research results will be published in foreign scientific journals indexed by the Web of Science or Scopus database (at least two articles), in Kazakh journals with a non-zero impact factor (at least two articles). A patent will be obtained in the Kazakhstan patent office."
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R, kΩ 


ГФ_4.2_1	0.25	0.5	0.75000000000000466	1	1.25	1.5	1.7500000000000002	2	2.25	2.5	2.75	3	1.3085408131106209	1.7530913442361378	2.0521492472179812	2.2986982798698277	2.4424083769633507	2.6186732186732185	2.8798692454372103	3.0318220219656427	3.1389972981086802	3.4	3.4499999999999997	3.7247557003257352	ГФ_4.2_2	0.25	0.5	0.75000000000000466	1	1.25	1.5	1.7500000000000002	2	2.25	2.5	2.75	3	1.2141145275610625	1.4863110358453286	1.7313132583139399	2.0142964635063958	2.1208244491826602	2.2592134913135129	2.4668532704773152	2.6710799170521597	2.8	2.9	2.9499999999999997	3.1	ГФ_4.2_3	0.25	0.5	0.75000000000000466	1	1.25	1.5	1.7500000000000002	2	2.25	2.5	2.75	3	1.5515463917525776	1.7439148376293168	1.7495976394849695	1.9800000000000098	2.1	2.2999999999999998	2.4	2.5499999999999998	2.5499999999999998	2.7	2.8	3	ГФ_4.2_4	0.25	0.5	0.75000000000000466	1	1.25	1.5	1.7500000000000002	2	2.25	2.5	2.75	3	1.6088893288457822	1.6451283099887541	1.8458279392726844	2	1.99156013404493	2.1755744572806912	2.2526169756589733	2.3282308317529212	2.3225673446948867	2.4594144581656732	2.6151184455682723	2.6619159565089632	ГФ_4.2_5	0.25	0.5	0.75000000000000466	1	1.25	1.5	1.7500000000000002	2	2.25	2.5	2.75	3	1.3466325036603313	1.5049094479598426	1.7400000000000002	1.9412662090007624	1.9714434060228461	1.9500000000000088	2	2.1185060376298788	2.13	2.1	2.16	2.2465669819957279	0.25	0.9	1.9000000000000001	3	1.33	2.2000000000000002	2.9499999999999997	3.67	0.25	0.9	1.9000000000000001	3	1.2141145275610625	1.9000000000000001	2.58	3.1	0.25	0.9	1.9000000000000001	3	1.5515463917525776	1.9000000000000001	2.4499999999999997	2.9499999999999997	0.25	0.9	1.9000000000000001	3	1.57	1.9200000000000021	2.27	2.65	0.25	1	1.7000000000000002	3	1.3466325036603313	1.9000000000000001	2.0499999999999998	2.2000000000000002	С, MPC

R0/R, relative unit.


Без отжига	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.3085408131106209	1.7530913442361378	2.0521492472179812	2.2986982798698277	2.4424083769633507	2.6186732186732185	2.8798692454372103	3.0318220219656427	3.1389972981086802	3.4321853093569028	3.3943402030144569	3.7247557003257352	3 часа	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.2227972889710412	1.8	2.1	2.5	3	3.5143568147013782	3.8499999999999988	4.4000000000000004	5.1599326599326565	5.9373528026377764	6.5396264512872424	7.222910984378875	6 ч	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.1000000000000001	1.25	1.4	1.5	1.6	1.8	1.9000000000000001	2	2.2000000000000002	2.2999999999999998	2.4	2.5	9ч	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.0171935662784248	1.0270962523591054	1.0430471584038701	1.128988915015116	1.1841671247938665	1.2303269087424118	1.271710526315798	1.3937189700958321	1.499066728884741	1.5241251017323567	1.6281705948372711	1.7229840921557786	0.25	0.75000000000000433	2	3	1.2	2.1	4.5999999999999996	7	0.25	0.75000000000000433	2	3	1.2	2	3	3.6	0.25	0.75000000000000433	2	3	1.1000000000000001	1.4	2	2.5	0.25	0.75000000000000433	2	3	1	1.1000000000000001	1.4	1.9000000000000001	С, MPC

R0/R,relative units.


Без отжига	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.2141145275610625	1.4863110358453286	1.7313132583139406	2.0142964635063958	2.1208244491826602	2.2592134913135129	2.4668532704773152	2.6710799170521597	2.8	2.9	2.9499999999999997	3.1	3 часа	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.5	1.7392134402443638	1.9528123820309551	2.7	2.9569691300280301	3.4506972111553802	3.7484909456740452	4.2972683449384039	4.5702527304384537	4.8714125978382405	5.4767373537738866	6.2486412266147964	6 ч	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.0363013698630141	1.1499999999999906	1.3556313993173952	1.4	1.48	1.52	1.58	1.5912751677852361	1.6766666666666665	1.8329896907216494	2.0228279386712087	2.1758620689655181	9ч	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.0094927321269638	1.0263080970476373	1.0647378974505874	1.0883271797784781	1.1527107578768101	1.149300975995788	1.1908809891808469	1.2841061377646739	1.3570308416100367	1.4573991031390043	1.5128799587841233	1.6115183246073301	0.25	0.75000000000000433	2	3	1.2	1.7	2.7	3.1	0.25	0.75000000000000433	2	3	1.2	2.1	4.2	6.2	0.25	0.75000000000000433	2	3	1	1.2	1.7	2.2000000000000002	С, MPC

R0/R, relative units.


Без отжига	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.3	1.5	1.7495976394849699	1.9800000000000093	2.1	2.2999999999999998	2.4	2.5499999999999998	2.5499999999999998	2.7	2.8	3	3 часа	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.2915203211239337	1.4	1.7	1.9000000000000001	2.2000000000000002	2.5	2.8	3.1459296818409812	3.5829761175750154	3.9	4.4000000000000004	4.8653066166232755	6 ч	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.0582894497911761	1.0755477651183181	1.1284278657809581	1.2205092672787112	1.286468085106383	1.4119068162208697	1.520786997433704	1.6733748886910063	1.790982867448152	2.0160559123535773	2.1584385763490239	2.3483124762988177	9ч	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.0230520977408939	1.0349497597204018	1.0590405904059039	1.0931651749389761	1.1591901548233425	1.1772779260389021	1.2573447378207512	1.3463503649635229	1.5129824561403509	1.7421985815602841	1.8605536332179933	2.0943396226415092	0.25	0.75000000000000433	2	3	1.2	1.7	3.2	4.7	С, MPC

R0/R, relative units


Без отжига	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.6088893288457815	1.6451283099887541	1.8458279392726844	2	1.99156013404493	2.1755744572806912	2.2526169756589733	2.3282308317529212	2.3225673446948867	2.4594144581656732	2.6151184455682723	2.6619159565089632	3 часа	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.2	1.3	1.4	1.4	1.5	1.5678211310828598	1.65283018867925	1.7942028985507201	1.9514712539610699	2.1282777523983918	2.2698949291914099	2.5040413533834598	6 ч	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.0391986535642446	1.0774679061531651	1.1348412353197044	1.2084247476963483	1.2747924858016602	1.3678211310828579	1.4528301886792454	1.5942028985507333	1.7514712539610597	1.9282777523983561	2.0698949291914115	2.3040413533834587	9ч	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.0157273918741681	1.0489423475736208	1.0753186558516798	1.1230940870211867	1.1766187050359713	1.212556997544721	1.2847222222222219	1.3799331103678918	1.4538461538461538	1.542123287671233	1.6425675675675759	1.8437931034482757	0.25	0.9	1.9000000000000001	3	1.5515463917525776	1.9000000000000001	2.2999999999999998	2.75	С, MPC

R0/R, relative units.


Без отжига	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.3466325036603306	1.5049094479598433	1.74	1.9412662090007626	1.9714434060228461	1.9500000000000084	2	2.1185060376298788	2.13	2.1	2.16	2.2465669819957279	3 часа	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	2.1	2.2000000000000002	3.3	3.5	4.2	4.4000000000000004	5.2	5.5	6.2	6.4	7.3	7.7	6 ч	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.9770599250936443	2.3501236093943141	3.1322716932076577	3.691856199559759	4.0932885381670445	4.5887083263528234	5.0533963585434165	5.6444318824194255	6.0460412251974578	6.5398604148236217	6.9124006838982188	7.880710659898436	9ч	0.25	0.5	0.75000000000000433	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	1.8585455661245878	2.3497185741088167	2.9708860759493674	4	4.1871811931692156	4.9000000000000004	5.1567389201797775	6	6.2	6.4415497661990724	7.1009083867333294	8.1421517040394189	0.25	1	1.7	3	1.3466325036603306	1.9000000000000001	2.0499999999999998	2.2000000000000002	0.25	1	1.9000000000000001	3	1.9000000000000001	3.6	5.4	7.9	С, MPC

R0/R, relative units.
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Tpuaoxerns 1.6
x Jlorosopy Ne__ ot 20181,
A rPaNTOBoe PHHANCHpOBAIHE

TEXHHYECKASI CIELMOUKALIAS 1
KAJIEHJAPHBIH ILIAH PABOT

Tlo zorosopy Ne 5ot ¥ ttafgme _ 2018rom

1. TOO «@usuxo-mexnuseckuii uncmumym»

1.1 Tlo mpwopuTery: «PaIlHORATLHOC HCTIONEI0BAHKE NPHPOTHBIX PECYPCOB, B TOM HCAE
BOHALX PEcYPEOB, FE0OMA, NEPEPaBOTKA, HOBBIE MATEPWATSL i TEXHOTOTHH, GIONACHKI IACTHA
KomerpyK

1.2 Tlo noanpuopiTeTy HaOMATEpHATH  HAHOTEXHOTOTHK.

1.3 Tlo Teme npoexta: Ne APOS134263/T0 «Bisne KOATONTHAIX ZPIMETPOB PACTBOPOD B
0MB-renh TpoLECCe HA CTPYKTYPY H TEPMMUECKYIO CTAGHTSHOCTS CBOAICTS TOHKHX LIEHOK SnOz»

1.4 O6uas cywsaa mpoexta 21 140 000 (deaduams odun Mickruonos cmo copox mcs) mence, B
“Tow WHCAE ¢ PAIGHBKOM 110 FOAAN, AU BLITOTHENHS PAGOT COTTACHO TYHKTY 3:

~1a 2018 oz - n cywe 7 000 000 (cex wuxnuonoe) menze;

13 2019 oz - b cysee 7 063 000 (cex wuuvtuonoa wecmbdecsm mpu mcsi) mene;

-2 2020 roa - » cynee 7 077 000 (cex uuttuonos cexvdecam cexts mics) men.

2. Xapaxmepucmiuxa Hayuno-mexnunecKoil RodyKHUI NO KeQTUPHKTKUONNSLN NPUIHAKN
W INOMOMuNecKue RoKaIameT

2.1 Hanpanesme paGor: PaspaGorka osoMl pextupiioll Texsonorui (opuiposaiiis
ToRKIX. T7EHOK SN0, PAMIHHORO HATHANEHHS Ha OCHOBE J0Tb-renb MeToza. Tloysenie o6pasiion
IIEHOK C TpMIUCCKH  YCTOMSMBMMI YIYSIICHRMH ONTHIECKIMH W Fai0NyBCTRHTETSALMI
caoicTaa.

22 OGAACTS MpHMEREHHS: COVIAHHS CEHCOPOB KONTPOTA YTESEK TOKCHYHbIX  FOpIOIX r0n,
15 COVIANNA MPOCBETINIOUUIX NOKPHTHA COTHEWHMX (poTONpeopatoBaTerll, ATA COVIAHMA
‘AHTHKOPPOTHRHLLX  AHTHOGTEAEHHNTENLHLX NOKPHITHH H 7.1

2.3 Kowewnstt pesymsrar:

- 3a 2018 rox: ByAT WCCneIoBaHH KonioWaMme caoficTsa pacrsopos. Byayr ompeeneit
TAPANETPIA PACTBOPOB, MPH KOTOPbIX OMySEHHHIE TIEHKH HMEIOT YCTORTHBYIO ATEHIO K TOLIOKKE.
ByAer paspaloraNa MATCMATHUECKAS MOCTb COSPEBANHS  pAcTBOpOB. ByAYr omperenci:
"MPOIPANHOCTS (IEHOK, WIHPHHA SATPEMEHHOH 0K, TIOKAYATETS MPETOMTEHHA H T.1. ByZeT wiyvena
SAKOHOMEPHOCTS HIMEHEHHA CTPYKTYPH! H MIPOTPASHOCTH IVIEHOK OT TEMIIEPATYPbI OTKHT2.

- 3a 2019 rox: Byer M3yuena CTPYKTYPa IICHOK ¢ yCTofiuipofi aaresueil K noxioxe. Byzer
PAIPACOTAHA MATEMATHYECKIA MOTETs (GOPMMPOBAHHA IICHOK. BYIET HIMCPEHO TIOBEPXHOCTHOC
CONPOTHBICHHE  WIMEHCHHC CONpOTHBNCHHA MW HArpesamum OOpasua Byrer Hsydewa
30KOHOMEPHOCTS HIMEHEHHA TIOBEPXHOCTHOTO COMPOTHBICHHR O TEMIEPATYH OTKHTA. Byaer
PaspaboTana MATEMATHYECKAS MOTCT BTHSHMA TEPMMNECKOTO BOSICHCTBNA A CBOHCTEQ MACHOK.
BYAT HCCIEA0BAHO BIHAHHE ATHTEBHOCTH TEPMHYECKOTO BOSIHCTRH KA CTPYKTYPY  ONTHYECKHE
‘caoficTa fEHOK. Pesy TSTaTH HCCE0BaMH Gy YT OMYGAHKOBAHE! B KAAXCTAHCKIX H3TAHHSX. Byzer
nonaHa 3ax8Ka Ha natent PK.

- 122020 roa: ByAeT HceneA0Bana aTcopOUMONHAS SYBCTBHTENLHOCTS K N1apay Tarona. Byzer
MIYUCHA JAKOHOMEPHOCTS HIMEHEHHS AICOPOUHORNOA SYBCTBHTETHOCTH K Napa STAHOTA OT
TEMIICpATYPb OTAHFA. BYIET HCCIEA0B3HO BTMAHHE ATHTEASHOCTH TEPMIYEcKOro BOIIEHCTBHA
MEKTPOHSIHIECKHE  XPAKTEPHCTHK MCHOK. Byaer mposezest oGoGmawomuti MaTeMaTHYCCKiil
AHATHS 10 BCEM MPOBECHHbIM HCCTETOBAIIAM.

Perymrars Mccneionamili GyIyr onyGAKOBANA B apyGCKHMX HAYWMX KYPHATAX,
texcipyessix Gaaot zaiix Web of Science: Journal of sol-gel science and technology (IF-1.575,
CILIA), Advances in physics (IF-9.571, Aurams), Joumal of applied physics (IF-2.171, CLUIA),
Materials science & Engineering R-Reports (IF-14.400, Hizepnaniu), b pocciickix Xypuanax,
muackcHpyensic Gaof xammix SCOPUS: Venexu xinun (IF-3.356), Konaowumsi xypra (IF-0.622),
uitka i xunens crexcna (IF-0.433). Tloyserwe nateiTa b KasaxcTanckom natesTHoN Giopo.

HA &





image14.png
Lorosop Ne243.pdf

([ o | crpammsa: [ 26 /28 <2 e | 5[] 2 9 | Haiw: | D

2.4 TarenrocnocoGHocTs: natenTococoBen
2.5 Haysmo-Texnmcckifl yposewh (OBMINA): PaspaGoTa HOBOR HpexTBHOR TeXHOTOMHH
HOTY €A HAHOMACHOK SnO; PASTHYNOTO HASHAYCHILA HA OCHOBE MAIO SATPATHOTO 307E-TETh IOIXOLA
2.6 Hcnons30Bae HaySHO-TeXHHYCCKO NIPOTYKIH OCymECTBARETCS: HemommTenen
2.7 BHA HCTOTH3OBANIA PEIYTLTATA HaYWHOR M (WTH) HAYWHO-TEXHMYECKOR ACATETBHOCTH:
PesyTLTamii, mOAyNeHHME NP PATAANN, OYIYr ONYGTHKOBGH B HAYWHMX KYPHATAX,
MPEACTABIICHA Ha MCATYHAPOTHLIX KOHEpeHIIX

3. Haumenosanue pasom, cpoxi ux pearusauuu u pesyasmamsi

AR T — no | CPox mmonmerms
sazai peci

o | Rorosopy i ocwome stams [~ T ovorsaun Ownaessii pesymsTaT
s €ro unoHeHis® e

T [Wccneopanie KoTMOWANLX | SINbaph | 1 HOAGPA |BYIyT  WCCIEAOBAHSl  KOMOMZHSE
cBoMiCTS pacTBOpOB NpH 20181, | 2018 r. |caoMlcrsa pactaopos mpu  smweHen
HIMEHCHIH KONUCHTPALMH 1 KOHUGHTPALIHH  XHMHIECKOTD COCTaBa.
XHMGHECKOTO COCTaBA.

2| Mecaenonanme s Anpens | 1 HOAGA |ByAyT  mpopeacHs  Wecnenosamma
XHMGIHECKIX TaPANCTPOB 2018 1. | 2018 r. |wumwax  umaccnx  mapaveTpos
meKoOGpayIONX IIeHKOOGPAIYIOMIAX  pacTBOpoB  Hal
pacTBopos Ha CTPYKTYPY CTpYKTYpY M cholicTsa  moMysaeMBIX
caoficTsa noTysaEMHX neHok. Byayr onpenenenst napaveTpet
maesox. PACTBOpOB, TP KOTOpHIX HOTYeHHNE

IICHK UMEIOT YCTORYHEYIO aITeto K|
nowiokKe

3 [Paspaborsa MaTeMaTHuCCKHX H| SNBaph | | HOAGPA | ByAYT pa3paGoTaHb: MATEMATHIECKHE H
ommsioTepHEX METO10B 20181, | 20181, |KoMmBIOTEpHBIC METO0OB aRATIA

aaKoHoMepHOCTER saKoHoMepHOCTEH (opMHpoBaHS
| ‘HaHomAEHOK. manonzeox. Byzet paspaGorana
| MATEMATHYECKAR MO CO3peBaIiA
pactBopos.

EEpTEm—" Vo | 1 HOAGpA | ByIYT NpOBCACHA HCCICAOBAHHA
xapaxrepucrix (omTwseckix, | 2018 1. | 2018 . |xapaxrepucTix (ommwsecinx,
exrpiseckix, ICKTPHYECKHX, Ta30WYBCTBHTETHEX H
~FE0SYBCTBHTELHAX H T.11) .11 NOTYMAEMbX TACHOK.
0Ty HaEMBIX ICHOK. ByyT OnpeeneHs: NpO3patHOCTS

TICHOK, WIHPHHA SAMPEUIERHOf 0HH,
OKAIATETb NpEAOMAEHHS M T.1.

5 [Vbysenne craGnmsHocTa | CenTaGps | 1 HoaGpa |Byaer  sywewa  crabmawmocts
dynxumonamsibix choficrs | 20187 | 20187, |gyweumonarsusx cofics macox mpw
WICHOK IpH TEPMHYECKONM Tepuieckow  povieicTaus.  Byzer,
BoeHicTBH. M3YUCHA  JAKOHOMEDHOCTS  HIMEHEHHS

CTPYKTYPH W mpo3padHOCTH WAEHOK 0T
Teuneparyph omura

21 | Wccaenoanmc amnsis uaps | 1 HOROA |ByayT  mposeremn  Mocacaosammx
XHMHECKHX GPANETPOB 20197, | 20197, |BUHAHWE  XHMHYECKNX  mapaveTpoB|
IeKOOGpasyIOWX IICHKOOGPAIYIOIX  pacTBOpos  Ha,
PacTBOpOB Ha CTPYKTYPY 1 CTpyKTYpy W cBOMCTBa  moOTYSaeMsX
cBoficTsa ONYHAEMbIX miewok.  Byier mysema  cipykrypa
eroK. mieHok ¢ ycrofumso  ameswed k|

nowiokKe.
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31 [Paspaboria MaTemarhucckinx | AHpaph | Mapr | byayr paspaGoTas MaTeNATHIECKHE 1

COMILIOTEHbX METO0B 20197, | 20197, | xoMmsioTepHsIe MeTOT0B aaTHIA
saxoHomepHocTel 3aKoHomepHoCTel GopMipoBaHs
{bOpMMpOBAIHA HAHOMTEHOK. manonnenox. Byet pupaGorasa
MaTeMaTHYECKAA MOAED OPMHPOBGLHA
mnesok.
AT | Hecaczonanne Slubaps, | 1 HORGPR | BY2YT NpOBEACHH HCCHCAOBAHHA

xapaxtepucTink (ommseckix, | 2019r. | 20197, |xapaxrepucrux (ommwsecki,

nextpuuecinx, ITEXTPHYECKHX, F430YYBCTBHTEHHEX 1
aSOUYBCTBHTE MBI K T.01) 1) NOTYSAEMAIX TACHOK.
Oy HAEMHIX IEHOK. ByIeT H3MEpeHO NOBEpXHOCTHOE
conpoTuBeHHe H KmenenHe
COMpOTHBIIEHNA NPH HATpeBaHHK 05paIa.
51| Wsywenne crabumsocTn Sbapt | 1 HoRGpA [Byzer  Mayuema craGwmbHocrs,
gymamonamsuux ceoficrs | 2019r. | 20197, | GynKumORATLHLX CBOMCTB TiCHOK MK
TLACHOK NpH TepMHYECKOM Tepnscckom  movielicTakm.  Byser|
| so3aciicTuN. HOydeHa  IAKOHOMCPHOCTH  HIMEHCHHA
OBEPXHOCTHOO  CoMpOTHBEHHS o
Texmepatyput oTaura.

6 [Koppenuwonmme iuvaps | 1 WOWOPA | BYAYT NpOBCACHM  KoppeAALORHHC
HecenoBanNS Tepumeckoro | 2019T. | 20197, [mccnenosamns Tepusecxoro
BovIeHCTBNA Ha CTPYKTYPY BOMIEHCTEHS HA CTPYKTYPY MOTYSCHHSX
OTYHEHHAIX LIEHOK. nesok.

Byler pajpaGorama  MaTemaTeckas
MOZETH  BUMAWHA  TepwiecKoro|

owtelicrans WA cpoficTea  mneHOK.
Pesymsmamei  ucciedosanuii  Gyoym
omGuusosaus: 6 Kasaxcmancxux|
woanurx ¢ weyreow  uwnakm-|

paxmopox. Bydem nodana sasexa wal

namenm PK.
7| Fsywerne crabmmsnocTn Fiuvaps | 1nowops |byayr  Woywenm  crabmasHocTt
dymamonasmiix cookicrs | 20191, | 2019r. |ymxumonansusx coobcs macmox or
nneHoK o7 ATHTERbHOCTH pr— ‘Tepusecoro|
Teputieckoro povielcTHS. boweicTsns.  Byner  mecneaosano

BAMAHHC UIHTETBHOCTH  TEPMUHECKOFD
'BO3CHCTBAA Ha CTPYKTYPY W OnTHYECKHE
croficTsa nenok.

42 |Wccacaonanne Swpapt, | Mapr | ByayT nposeacHbl HCCACAOBANHA
xapaxtepucTik (onmiseckix, | 2020r. | 2020r.  |xapaxepucTi (omTHYECKX,
meKTpHYECKIX, IMEKTPHYCCKIX, FA30YYBCTBHTETHHX i
TaSOUYBCTBHTE LMD 1 T.11.) .01) NOTYHAEMBIX L1HOK. |
Oy HAENLIX LICHOK. ByZeT HocneA0BaNa ACOpOIHORHaS

YBCTBHTEALHOCTS K Napas JTatona.

52| Wsyveine crabumsocT fwpaph | Abrycr [byser  woyuema  crabwasHocrs,
ywxuonasiix cooficrs | 20207, | 20207, | pyHKUMOHATHHIX CBOCTD NACHOK MK
IUIEHOK NPH TEPMHYECKOM Tepuiticcrom  movzelicTsun.  Byzer|
ovieiicTomN. HOYSCHA  IAKOHOMCPHOCTE  HIMCHCHIS

a1copGUKONNON  YBCTBHTETLHOCTH K|
apay ITHON OT TEMTIEPATY P OTRHTa.
71| Vsyvenne crabunsocTn Susapt Byayr  wywemd  crabmasoctt
ymamoRATHHbX cBORCTS | 20207 .| dymamonamuix coolicTs nrewox ot
WIEHOK OT UTHTEAbHOCTH mTeTLHOCTH ‘TepuisecKoro
‘TepMiecKoro BoyeicTaa. Bovteticrans.
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8 [Cocrannemme Fimaps | | Hosbps |ByAyT  COCTAMMEHN  MATOMATHMCCKAE
MaTeMaTHIECKOM MOZEH 20207 | 2020r. | wonenn wImeHeHHS CTPYKTYPH H CBOHCTB
KIMeHEHHS CTPYKTYPH H IICHOK, OTYSEHHKX H3 PACTBOPOB ©
CBOFICTB ACHOK, MOAYMCHHAX PASHBMI XHMHSECKHMH TIEpAMETPNH, OT
5 pacTBOpOB ¢ pasHLNH Tepuiteckoro BoszeHicTBHS.
rR—— Pesymrars  wecaenosamui  Gynyr|
ot Tepusccxoro onyGaMKOBL B 3apyGEAMLX HayTHMX
BosmelicTM. XYpHATAX,  WHIEKCHPYeMHX  Ga3oft
nanx Web of Science (ve menee dayx|
cmameir): Journal of sol-gel science and
technology (IF-1.575, CLIA), Advances|
in physics (IF-9.571, Aurais), Joumal of|
applied  physics  (IF-2171,  CLIA),
Materials science & Engineering R-
Reports (IF-14.400, Huzepranms), s
poCCHAICKIX KYPHATAX, HHIEKCHpYeMHie
Gasoft nammix SCOPUS (e menee deyx|
cmamei): Venexw xuwun _(IF-3356),
Komnowmait xyphar (IF-0.622), Omsica,
s crekna (IF-0.433). Tonysesne
natenta B Kasaxcrasckow matesTHOM
Giopo.
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