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ABSTRACT

Report  48 p., 23 fig., 6 tables, 56 source, 3 app.
SWIFT HEAVY IONS, NANOCRYSTAL, TRACK TEMPLATE a-SiO2/Si, ELECTROCHEMICAL DEPOSITION, CHEMICAL DEPOSITION
The objects of research are track templates - SiO2/Si with deposited semiconductor nanocrystals. Research methods: SEM, X-ray structural analysis, measurement of CVC, PL. The aim of the work at this stage was to synthesize nanocrystals based on ZnSe, CdTe, CdSe in а-SiO2/Si track template and study the properties. The main results at the stage of 2020 for previous years are reflected in the conclusion:
1) For two types of ECD electrolytes, CdTe(NCs)/SiO2/Si-nwith WS monophase were obtained. CD in sulfate solution were obtained CdO(NCs)/SiO2/Si-n ZBS. Comparison of the deposition results suggests the effect of an electric field on the structure of nanocrystals. ECD and CD on p-type silicon substrate does not lead to deposition into nanopores.
2) For the first time, a monophase WZ structure of CdO was obtained at a sufficiently low temperature of 343 K, with a simple CD in a track template. 
3) Investigation of the I-V characteristic of CdO(NCs)/SiO2/Si made it possible to estimate the number of grain boundaries ⁓1522 and the height of the grain barrier at 1.05 eV, conductivity - n-type. 
4) It was found that during ECD, nanocrystals of an oxide compound based on ZnSe, zinc diselenate ZnSe2O5(NCs)/SiO2/Si, are formed. Studies have shown that it is an n-type semiconductor. With CD, a decrease in the inclusion of oxygen in the structure of nanocrystals was obtained and zinc deselenite - ZnSeO3(NCs)/SiO2/Si, Si - n and p-type was formed. An increase in the temperature of the CD solution leads to the complete displacement of oxygen from the structure of nanocrystals and forms ZnSe(NCs)/SiO2/Si, Si - n and p-type on the template surface.
5) The band structure of the density of electronic states of CdTe was calculated using the CRYSTAL program. The crystal is direct-gap with the smallest band gap at the T-point.
6) Patent of the Republic of Kazakhstan No. 3418 dated 08.21.2020 “A method for producing ZnO nanocrystals in two crystal structures by electrochemical deposition into track templates SiO2/Si-n” was obtained. Three articles have been published in magazines Q1, Q2.
Applications: for sensor devices, opto-and nano-electronics systems.
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SYMBOLS AND ABBREVIATIONS

In this research report, the following abbreviations and symbols are used:

	α-SiO2
	– Amorphous SiO2

	Si-n
	– Silicon substrate with n-type conductivity

	Si-p
	– Silicon substrate with p-type conductivity

	NCs
	– Nanocrystals

	WZ
	– Wurtzite structure

	ZBS
	– Zinc blende structure (sphalerite)

	FHI
	– Fast heavy ions

	CD
	– Chemical deposition

	ECD
	– Electrochemical deposition

	SEM
	– Scanning electron microscopy

	AFM
	– Atomic force microscopy

	PL
	– Photoluminescence

	XSA
	– X-ray structural analysis

	VAC
	– Volt-ampere characteristics




INTRODUCTION

The goal of the Project was to synthesize nanocrystals based on ZnSe, ZnO, CdTe, CdSe in a SiO2/Si track template and study their properties.
The relevance and novelty of the research is associated with the production of new nanomaterials using track technologies. Currently, there is particular interest in track technology, since this technology is a tool for obtaining new nanomaterials. Track technologies are based on the idea of using ion tracks [1-4]. The most striking use of this technology relates to the creation of polymer track membranes, the so-called nuclear membranes [5].Nuclear membranes are obtained by irradiation with high-energy heavy ions of a polymer film, followed by physicochemical treatment. As a result, the original film is transformed into a membrane with cylindrical through pores. These systems are widely used in medicine, biology, biotechnology.
At present, nuclear membranes are also used to form various nanomaterials by template synthesis. This method was used to obtain nanotubes of Au, Cu, Ni, Ag, Zn [6-12].
In addition to polymeric materials, a-SiO2/Si structures are used as track templates. In [13], the formation of nanostructures based on a nanoporous SiO2 layer on a silicon substrate and the features of these systems are described. Using this type of templates, metal nanocrystals of Au, Cu [14], nanoparticles of Ni, Cu [15], PbSe, CdTe [16] were obtained.
Nanocrystals of semiconductors CdSe, CdS, ZnSe, CdTe, ZnO and others luminesce in the visible spectral range, the intensity of which, in most cases, significantly exceeds that of bulk materials [17]. Zinc selenide nanostructures [18, 19] exhibit luminescence in the red region. CdTe is a direct-gap semiconductor with a bandgap Eg = 1.49 eV at 300 K [17]. As is known, cadmium telluride belongs to the materials most suitable for the creation of solar cells [17]. This is due to the width of the forbidden zone, which is close to the optimal value, as well as the high absorption coefficient of light in the entire spectral range of photosensitivity [18]. Zinc oxide is a wide-gap semiconductor with a band gap of 3.37 eV, which allows one to expect intense edge exciton emission of this material formed in silicon dioxide at room temperature.
Research methods: the most modern analytical methods for studying the structure (scanning electron microscopy with energy dispersive analysis, X-ray phase analysis, etc.), the study of electrical and optical properties, computer simulation of properties using the licensed CRYSTAL program.
Direction of work: applied scientific research, creation of new nanomaterials.
Applications: gas sensors, opto- and nanoelectronic systems.
The main tasks of the study at the stage of 2018-2020:
- Develop modes of etching latent tracks of formation of nanopores of a given size and shape in а-SiO2/Si (n- and p-type silicon substrates);
- To develop modes and carry out ECD or CD of “cluster-forming” elements of groups II and VI into nanoporous structures of а-SiO2/Si (n- and p-type Si); heat treatment of samples;
- Investigate surface, structural, optical and electrophysical properties of samples;
- Computer modeling of electrophysical and adsorption properties of samples.
The research materials are nanocrystals, nanoclusters based on ZnO, ZnSe, CdSe, CdTe in track templates.
The scientific and technical level (novelty) is that new nanomaterials will be obtained. The reliability of the results obtained is confirmed by:
1) using a complex of modern research methods;
2) the correctness of the formulation of the problems being solved and their physical validity and the use of well-tested methods of physical experiment;
3) wide testing of the obtained data and conclusions of the research at scientific conferences, as well as in publications.
The results can be used to create sensors and devices for opto- and nanoelectronics. The results of the work were discussed together with Corresponding Member of NAS RB, Doctor of Physical and Mathematical Sciences Komarov F.F. and Ph.D. L.A. Vlasukova, Belarusian State University, Minsk, Belarus.
















1 Preparation of track templates: irradiation of SiO2/Si structures, chemical etching

a-SiO2/Si-n or p-typediscs were obtained by thermal oxidation of a silicon substrate (Si-n-type or p-type), with an oxide layer thickness of 600 to 700 nm according to ellipsometry data. The disks were irradiated with 200 MeV Xe ions to a fluence of 107 ions/cm2 (Figure 1a). Samples of 5x5 mm and 20x20 mm were cut from the disks.
Chemical etching is a process of pore formation, during which the damaged area of the latent track is removed and turns into a hollow channel (pore) [20, 21]. Chemical etching of SiO2/Si samples was carried out in a 4 or 1% aqueous solution of HF, the etchant contained m (Pd) = 0.025g, the etching temperature was Т=18˚±1°С (Figure 1b).
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а) irradiated substrate; b) etched tracks;с) besieged tracks

Figure 1 – Schematic representation of the preparation of the track template



By varying the etching time, nanopore diameters from 200 to 350 nm were obtained (Figure 2).
Etching was carried out in a special cabinet (Figure 3). Before etching the tracks, the surface of the samples was ultrasonically cleaned with visopropanol for 15 minutes in a 6.SB25-12DTS ultrasonic cleaner.
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a) general view of the etched surface; b) enlarged nanopore; с) cross section of a nanopore

Figure 2 – SEM image of the track template SiO2/Si 
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Figure 3 – Fume hood for etching in HF

The cleaner at two frequencies (25kHz/40kHz) provides intensive cleaning of the sample surface. Control range (room temperature) – 80˚С. After treatment in HF, the samples were washed in deionized water (18.2 MΩ).
The analysis of nanopores after etching was carried out on a JSM-7500F SEM (Figure 4). Rows of nanochannels were obtained having a conical shape with a cut off top. The shape and size of nanopores was controlled by the etching time.



2 Research methods. electrochemical or chemical deposition of “cluster-forming” elements of groups II and VI into nanoporous structures SiO2/Si

2.1 Research methods
The surface of the samples after etching, after deposition was examined on a scanning electron microscope JSM 7500FJEOL, Japan (Figure 4a).
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a) Field emission scanning electron microscope JSM-7500F;
b) X-ray diffractometer D8 ADVANCE ECO

Figure 4 – Devices for SEM and XRD



X-ray diffraction analysis (XRD) was carried out on a D8 ADVANCE ECO X-ray diffractometer (Bruker, Germany) (Figure 4b) using an X-ray tube with Cuanaod                           (Cu Kαλ=0.154 nm, 40 pV, 25 mA), in the angular range 2θ (30° –110°) with a step of 0.01° (measurement time - 1 s). The X-ray tube was operated under the following conditions: voltage - 40 kV, current - 25 mA. The crystal lattice parameters, as well as the dynamics of their change, were determined using the DiffracEVA v.4.2 program code. The degree of perfection of the crystal structure was assessed using the TOPAS v.4 program code.
X-ray diffraction analysis of the samples was also carried out on a Miniflex 600 X-ray Diffraction (XRD) Analyzer (Rigaku) using an X-ray tube with a Cu anode in the angle range 2θ0⁰ – 90⁰ with a step of 0.020. Shooting parameters: cathode current 15 mA, accelerating voltage 40 kV, sweep speed 10 deg/min.
An HP 66312A current source and an Agilent 34401A multimeter (USA) were used to measure and electrical properties. The setup for measuring the I-V characteristic is shown in Figure 5.
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Figure 5 – Measurement of current-voltage characteristic

The photoluminescence (PL) spectra were measured using an Agilent CaryEclipse fluorescence spectrophotometer at the Open-Type National Nanotechnological Laboratory at Al Farabi KazNU (Figure 6). The light source in the spectrofluorimeter is a flash xenon lamp.
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Figure 6 – Fluorescence spectrophotometer

The device uses diffraction gratings 30x35 mm, 120 lines/mm. The optical excitation and emission range is from 190 to 1100 nm. The spectral region selected by the slit can vary discretely within 1.5, 2.5, 5, 10 nm.

2.2 Electrochemical or chemical deposition of “cluster-forming” elements of groups II and VI into nanoporous structures SiO2/Si
Since the chemical deposition technique does not require special equipment, for deposition, all the constituents of the solution are dissolved using a magnetic stirrer in 100 ml of deionized water (Figure 7a). For ECD, a special cell is made (Figure 7b, c).
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а) chemicaldeposition; b) electrochemical deposition; с) ECD cell model

Figure 7 – Devices for chemical and electrochemical deposition

The composition of the solution is given for each specific case, as well as the voltage on the electrodes and the material of the electrodes.




3 Surface, structural, optical and electrophysical properties of the obtained samples. Computer modelling

3.1 Effect of temperature and deposition methods on the structural properties of CdTe nanocrystals
The n-type а-SiO2/Si samples were 700 nm thick, irradiated with 200 MeV Xe ions to a fluence of 107 ion/cm2. Samples were cut with dimensions 5x5mm and 20x20mm. Chemical etching was carried out in a 4% aqueous solution of HF, the etchant contained m(Pd) = 0.025 g, the etching temperature was T=18˚±1°С.Before and after etching, the samples underwent ultrasonic cleaning of the surface. By varying the etching time, the nanopore diameters were obtained from 200 to 350 nm. Chemical deposition (CD) of CdTe into an n-type template using a sulfate solution was carried out for 1 hour. Electrochemical deposition (ECD) of CdTe in an n-type template using sulfate and chloride solutions was performed in a constant voltage mode on the electrodes - 1.5 V for 5 and 10 minutes. Chemical deposition of CdTе was carried out using a sulfate electrolyte: 1M CdSO4+1mMTeO2. CdSO4 was dissolved in water, TeO2 - in a minimum amount of concentrated sulfuric acid. By combining the two solutions and brought the pH to a value of 2; Electrochemical deposition of CdTе was carried out using two electrolyte systems: 1) sulfate, the composition is similar to that used for CW; 2) 1МCdCl2+1mMTeO2.CdCl2 was dissolved in water, TeO2 - in a minimum amount of concentrated hydrochloric acid. The two solutions were combined, and the pH was adjusted to 2. TeO2 is extremely poorly soluble in sulfuric acid; neither concentrated sulfuric nor its solutions dissolve this oxide quickly. It takes several hours to dissolve in sulfuric acid when heated. In hydrochloric acid, this oxide dissolves instantly. 
Figures 8 (a, b) and 9 (a, b) show the corresponding SEM images of filled nanopores after CD.
X-ray diffraction analysis of samples obtained using CD showed the formation of CdTe nanocrystals in the structure of zinc blende and cadmium oxide with a hexagonal crystal structure (Table 1).
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a) SEM images of the frontal and b) cross section of n-type template surfaces after CdTe CD at room temperature

Figure 8 – SEM images of filled nanopores after CD of CdTe 
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a) SEM images of the frontal and b)cross section of the n-type template surface after CD of CdO at 40°C
Figure 9 – SEM images of filled nanopores after CD of CdO 

Table 1 – Results of X-ray diffraction analysis after chemical deposition
	T=298 K

	Phase
	Structure
	Space group
	(hkl)
	2θº
	d, Å
	Crystal lattice parameters, Å
	Crystallinity,%
	Phase content,%

	CdTe
	Cubic
	F-43m(216)
	220
	40.34
	2.233
	a=6.31817
	
54
	68.4

	
	
	
	311
	46.96
	1.933
	
	
	

	CdO
	Hexagonal
	P63mc(186)
	002
	32.18
	2.779
	a=3.54588, c=5.72256
	
	31.6

	
	
	
	101
	33.31
	2.687
	
	
	

	
	
	
	103
	56.62
	1.624
	
	
	

	T=343 K

	CdO
	Hexagonal
	P63mc(186)
	311
	47.52
	1.911
	a=3.56465, c=5.72368
	61
	100



An increase in the electrolyte temperature during CD leads to an increase in the fraction of the cadmium oxide phase, and only cadmium oxide crystallites with a hexagonal crystal structure are formed in nanopores at 343K. It is well known that cadmium oxide is an n-type semiconductor [22]. Table 2 also presents the main characteristics of the studied samples obtained by the ECD method from sulfate and chloride solutions before and after annealing at T=100°C.

Table 2 – Results of X-ray structural analysis after electrochemical deposition
	Parameters
	CdTe(chloride solution)
	CdTe(sulfate solution)

	
	Initial
	100°С
	Initial
	100°С

	Crystal lattice parameters, Å
	а=4.53445Å,
с=7.43525Å
	а=4.52033 Å,
с=7.42212 Å
	а=4.51185 Å,
с=7.40234 Å
	а=4.51015 Å,
с=7.40214 Å

	Average crystallite size, nm
	11.24
	12.84
	11.19
	10.15

	Crystallinity,%
	54.5
	72.6
	45.1
	51.2



Comparison of our experimental values of the unit cell parameters of CdTe (Tables 1 and 2) with the literature data: sphlerite (ZBS) a = 0.6478 nm, z = 4, space group F43m [23] and wurtzite (WS) a = 0.457 nm, s = 0.747 nm, z = 2 [23], indicate good agreement.Studies of thin CdTe films carried out by the method of X-ray structural analysis showed that the microstructure of the films depends on the substrate temperature, and in this case, the formation of amorphous, hexagonal and cubic modifications is possible [24-29]. The microstructure of CdTe films depends on the substrate temperature: at 493 K, a cubic body-centered one is formed, and at 620 K, a hexagonal one [30]. There is a sufficient number of works where thin and relatively thick films of cadmium oxide telluride on various substrates have been obtained [27, 31-33]. However, the authors of these works strove to obtain polycrystalline films. We have obtained a monophase wurtzite structure of cadmium oxide at a sufficiently low temperature of 343 K by simple chemical deposition into a track template.

3.2 Effect of deposition methods on structure
Thus, when using the same solution for CD and ECD, we get different crystal structures due to the presence and absence of an electric field. Here, one should take into account the influence of charged defects arising during irradiation of the a-SiO2/Si-n structure. Our photoluminescence study for irradiated SiO2/Si showed that the PL spectrum of the initial SiO2/Si sample includes only one weak band at 450 nm. It should be noted that the overlapping of tracks up to a fluence of 1∙1010cm-2 is insignificant. Annealing does not change the PL spectrum of the initial sample. Therefore, this band can be attributed to intrinsic defects of silicon dioxide, the so-called ODC (II) of the oxygen-deficient center (II) [28–30].Thus, point defects will not have a significant effect. Tracks arising from irradiation in a layer of amorphous silicon dioxide mainly contain dangling oxygen bonds, which leads to siliconization of the track surface. Under the influence of an external field during ECD, negatively charged oxygen ions and hydroxyl groups accumulate in the surface layer of the dioxide. Thus, an additional electric field appears. As a result, the Cd2+ and Te4+ ions in the electrolyte will be more mobile than in the usual CD process. In addition, the mass ratio mСd/mTe = 4, tellurium ions will be more mobile than cadmium. These conditions are more convenient for the formation of wurtzite-type CdTe nanocrystallites. This assumption is confirmed by the results obtained in [31], when, during electrodeposition of CdTe films from an alkaline solution, the composition and phase structure of the film changed depending on the position on the electrodes. The wurtzite phase increased with increasing potential. In the absence of an external field, free movement with free conditions will form a sphalerite structure and cadmium oxide in a hexagonal structure. An increase in temperature leads to an increase in the role of oxygen, leading to the formation of TeO2, associated with the oxidation of tellurium with an increase in temperature.



3.3Volt-ampere characteristics
The current-voltage characteristic was performed by connecting a controlled current source to the sample electrodes and using measuring instruments, voltmeters and ammeters, the voltages and currents in the sample circuits are measured at different voltage values (Figure 5, section 2.1).The obtained volt-ampere characteristics for the samples synthesized at different temperatures have a different form, which is due to the difference in the phase composition.
In our case, CdO also has n-type conductivity. The conductivity of polycrystalline samples is strongly influenced by grain boundaries. This is clearly seen from two VACs. The I-V characteristic for a sample containing two phases CdTe + CdO (Figure 10, curve 1) is much lower than the I–V characteristic of a single phase CdO sample (Figure 10, curve 2).

[image: ]
Figure 10 – I-V characteristics of CdTe and CdO (chemical deposition) at room temperature 
1 – n-typeCdTe +CdO 25°C, 2 – CdONCs/SiO2/Si



[image: ]
Figure 11 – VAC obtained for CdTe (WZ NCs)/SiO2/Si (electrochemical deposition)

Diffusion and thermionic models are used to explain the conductivity of polycrystalline samples. If the barrier width W is much larger than the carrier mean free path I, then the diffusion theory is applicable. The thermionic emission model is applied in the case I> W. In accordance with this model, the boundary can be crossed only by those carriers whose kinetic energy is greater than the height of the barrier.
If we consider that for each barrier, we assume that we have barriers of the same type, on average, a voltage V/m is applied (m is the number of barriers between the electrodes, V is the inter-electrode voltage), then for the current-voltage characteristic, we can write the relation:

						(1)

which determines the height of the potential barrier φ and the number of barriers connected in series m. This ratio was used to analyze the current transport in polycrystalline gallium phosphite [27, 28]. The number of barriers can be estimated from the formula

						(2)

where H is the height of the nanopore, is the linear size of the nanocrystallite, for which we took the average value of the crystal lattice parameters from Table 3.




Table 3 – Parameters of intercrystalline barriers in CdO nanocrystallites
	H, nm
	T, K
	m
	hk, Å
	Barrier height E, eV

	700
	300
	1522
	4,6
	1,05



It is known that for CdTeWZ it is a metastable phase, which is difficult to obtain under normal conditions [34]. Therefore, it is clear why efficient solar cells based on CdTe ZB are being created [35, 36].Note that only a small number of studies have been devoted to CdTe with the WZ structure [37–40]. In particular, polycrystalline CdTe WZ films were obtained by ECD in an acid solution [41] and alkaline solutions [42, 43]. It was found that the composition and phase structure strongly depend on the voltage applied to the electrodes.The formation of CdTe NC in various forms is a rather difficult task. Therefore, to obtain NC CdTe in the form of dots, rods, tetrapods, either a high-temperature (up to 200 C) hot injector based on an organic solvent or the corresponding low-temperature (<100° C) method based on an aqueous solution is used [38, 44].When fabricating CdTe with a branched architecture, it was found that phase control and switching play a very important role in achieving the branched shape [44, 45]. During the formation of branched CdTeNCs, the zinc blende phase with the growing wurtzite phase is generated.To recover CdTeNCs from the reaction system, the CdTeNCs product is washed with a solvent and separated by centrifugation. Further operations ensure the production of CdTeNCs for the manufacture of various devices [46].In [46], the latest achievements and prospects in this area are considered, focused on new knowledge about the synthesis of CdTe NC, the fabrication of devices, work with solar cells from CdTe NC, and based on the conclusions, recommendations are given for optimizing the operation of solar cells.
In our Project, we have successfully obtained CdTe nanowires with a WZ crystal structure by simple ECD at room temperature. The resulting CdTe (WZ NCs)/SiO2/Si system can be easily integrated into silicon technologies.
In the CdTe (WZ NCs)/SiO2/Si, Si, structure, the substrate has n-type conductivity. From the analysis of the CdTe (WZ NCs)/SiO2/Si structure CdTe (WZ NCs)/SiO2/Si, it can be argued that this structure exhibits an electronic type of conductivity. We calculate the conductivity of nanowire arrays using the formula:


						 (3)

where l – length of the nanowire, approximately corresponds to the thickness of the oxide layer - 700 nm, A is the area and dI/dU is the tangent of the slope angle I–U.
In accordance with the I-V characteristic (Figure 11), the differential resistance at forward voltage R=ΔU/ΔI≈1V/8mA=29,2Ohm. A=2πr2≈2x3.14x1372nm2=117869 nm2,                     σ = 700nm/29,2x117869nm2=2x103 Ohm cm-1.It is important to note that this CdTe (WZ NCs) / SiO2/Si structure has one-sided conductivity.
Thus, such a structure can potentially be used in devices where the reverse current is unacceptable or should be negligible. It should be noted that ECD and CD of CdTe in templates with a p-type substrate using sulfate and chloride solutions did not fill the nanopores, which requires an explanation.

3.4 Electrochemical deposition of ZnSe-based nanocrystals
The morphology and transverse cleavage of the obtained samples after deposition were investigated using a Hitachi S-4800 scanning electron microscope with gold deposition. ECD was carried out in electrolyte: ZnSO4×7 H2O- 7.2 g/L; SeO2- 0.2 g/l. The precursors ZnSO4 and SeO2were dissolved in deionized water, then the two solutions were mixed. Deposition was carried out at a voltage of U = 1.25 V for 15 min at room temperature (18°C).
Investigation of the surface and cross section of track templates after deposition
Figure 12 shows SEM images of samples after ECD. Analysis of SEM images showed that the filling of nanopores is 80%.
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a, с – depicted surfaces, b, d – cross section
Figure 12 – SEM images of the surface and cross sectionof two samples deposited at 1.25 V





Figure 13 and Table 4 show the XRD results for one of the samples.
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Figure 13 – X-ray diffractogram of the test sample

Table 4 – Parameters of nanocrystals ZnSe2O5
	Phase
	Structure type
	Space group
	(hkl)
	2θº
	d, Å
	L, nm
	Cell parameters, Å
	Crystallinity %

	ZnSe2O5
	Orthorhombic 
	Pbcn(60)
	161
	56.66
	1.6230
	108.21
	a=6.8249,
b=10.3097,
c=6.1640
	62



The lattice parameters of the ZnSe2O5orthorhombic unit cell obtained by us coincide with the data obtained for single crystals [47]. It should be noted that there are practically no studies on ZnSe2O5, which is associated with the difficulty of obtaining its monophase. Figure 14 shows the differential PL spectrum after ECD.
Comparison of this spectrum with the PL spectra of ZnO [45–49] and ZnSe [50] suggests that the PL band with a maximum at 500 nm (2.48 eV) (green luminescence) may be due to oxygen vacancies (VO), as in ZnO [43], while the band with a maximum at 422 nm (2.94 eV) (blue luminescence) is due to zinc vacancies (VZn) [43] in ZnO.


[image: ]

Figure 14 – Differential PL spectra after ECD

Thus, the PL band with a maximum at 422 nm can be associated with zinc vacancies (VZn) in the ZnSe2O5lattice. The X-ray and photoluminescence spectra of ZnSe single crystals exhibit broad recombination bands with peaks at 626 and 963 nm [44]. In our case, the PL band also has a maximum at 635 nm (1.95 eV). In the case of ZnSe, a similar characteristic is inherent in the complex center consisting of a zinc vacancy and an impurity small donor VZn + D [50].

3.5 Chemical deposition of nanocrystals based on ZnSe and CdSe
Chemical deposition of ZnSe-based nanocrystals
For CD, the following composition was used: ZnSO4 - 7.2 g/L, SeO2- 0.2 g/L, deposition time –15, 20, and 25 min, deposition temperature - 200С. By varying the etching time, the nanopore diameters were obtained from 430 nm to 492 nm.
Figure 15 shows SEM images of the sample surface after CD. SEM studies have shown that most of the pores of the template are filled and that the chemical deposition method is excellent for growing with controlled morphology and a high degree of order. It was found that the filling of nanopores depends on the deposition time

[image: ]

a, b, с – sample surfaces, d – nanocrystal shapes

Figure 15 – SEM images of the surface and cross section of three samples after deposition: after 15 min of deposition (a), after 20 min of deposition (b), after 25 min of deposition (c)

X-ray structural study of the samples (Fig. 16) established the formation of monophase v nanocrystals with an orthorhombic crystal structure and space group Pnma (62).The cell parameters of ZnSeO3 nanocrystals after CD at 15 min are a = 5.923100, b = 7.665200, c = 5.040000, at 20 mina = 6.036763, b = 7.770250, c = 5.087153, at 25 mina = 5.920700, b = 7.665500, c = 5.037700.
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	a)
	b)
	c)

	Figure 16 – X-ray diffraction patterns of samples after CD: a-at 15 min; b - 20 min; c - 25 min



An analysis of X-ray diffraction images shows that the degree of monophasicity increases with the deposition time at room temperature. Thus, ZnSeO3 nanocrystals were obtained for the first time by template synthesis with the aid of CD.
CD at higher temperatures required the use of templates with large nanopores; nanopores had diameters from 699 nm to 779 nm. CD was carried out in templates with n and p-type silicon substrates for 30 min at a temperature of 40°С.
Figure 17 shows SEM images of the sample surface after CD. SEM analysis shows that CD on p-type substrates is not as effective as in the case of n-type. It should be noted that a decrease in the nanopore diameter results in no deposition. We have already encountered the difficulties of deposition into templates with p-type substrates for nanoprecipitates based on ZnO, CdTe.
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а) n – type, D = 699D = 722nm; b) p – type; D = 777 nm, D = 779nm

Figure 17 – SEM images of the surface of the samples after deposition
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а) n – type; b) p - type

Figure 18 – X-ray diffraction patterns of the obtained samples after CD of chloride solution

X-ray structural analysis of the samples (Figure 18) showed the formation of ZnSeO3 nanocrystals with orthorhombic structures with the space group Pnma (Table 5).

Table 5 – Parameters of ZnSeO3 nanocrystals
	[bookmark: _Hlk37867699]No.
	Phase
	(hkl)
	2θº
	d, Å
	L, Å
	Cell parameter, Å
	FWHM 
	Density, (g/cm3)

	1
	ZnSeO3 – n type
	242
	69.1369
	1.357610
	61.296
	5.906720
7.753907
5.041927
	0.0637
	5.584

	2
	ZnSeO3 – p type
	242
	69.1773
	1.356917
	42
	5.981129
7.704250
4.953133
	0.06261
	5.584




A further increase in the CD temperature to 750C leads to the formation of ZnSe nanocrystals. The settling effect was only observed at sufficiently long settling times (Figure 19).
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a-, b-40 min, c – 60 min, d– 90 min

Figure 19 – SEM images of the surface of samples after CD for 90 min at a temperature of 750С



Decoding of radiographs (Fig. 20) is given in Table 6.
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A – 40min, b – 60 min, c – 90 min

Figure 20 – X-ray diffraction patterns of samples after CD 750C



[bookmark: _Hlk29978361]Table 6 – XRD results versus deposition time at temperature 750 С
	№
	Phase
	Structure type
	Space group
	(hkl)
	2θº
	d, Å
	Cell parameter, Å

	40 min
	ZnSe
	Sphalerite
	216: F-43m
	(2,2,0)
(3,1,1)
(2,2,2)
	45.81(3)
54.46(3)
57.37(4)
	1.9790(10)
1.6834(9)
1.6047(11)
	a=5.59208

	60 min
	ZnSe
	Sphalerite
	216: F-43m
	(2,2,0)
(3,1,1)
(2,2,2)
	45.83(5)
54.49(5)
57.27(8)
	1.978(2)
1.6825(15)
1.607(2)
	a=5.59220

	90 min
	ZnSe
	Sphalerite
	216 : F-43m
	(2,2,0)
(3,1,1)
(2,2,2)
	45.818(13)
54.405(9)
57.36(2)
	1.9788(5)
1.6850(3)
1.6051(6)
	a=5.59220



We see that ZnSe nanocrystals are formed only at a high solution temperature. Significant surface deposition is observed. Thus, we have established that during ECD nanocrystals of the oxide compound ZnSe, zinc deselenateZnSe2O5.(NCs)/SiO2/Si/are formed.Research has shown that it is an n-type semiconductor. With CD, we obtained a decrease in the inclusion of oxygen in the structure of nanocrystals, and zinc deselenite is formed - ZnSeO3.(NCs) / SiO2/Si, Si- n and p-type. An increase in the temperature of the CD solution leads to the complete displacement of oxygen from the structure of nanocrystals, and ZnSe (NCs)/SiO2/Si, S - n and p-type are formed. It should be noted that an increase in temperature leads to the formation of nanocrystals on the template surface.

Chemical deposition of CdSe-based nanocrystals
[bookmark: _Hlk53221290]Chemical deposition into an n-type template was carried out using a solution 0,1 М CdCl2 x 2,5 H2O + 0,1 М SeO2during 30, 40 and 50 min at 30°С, 35°С and 40°С. 
Sample surface analysis is shown in Figures 21, 22.
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Figure 21 – SEM images of CD CdSe samples: a- 400C,b - 350C,c -300C; t=40 min
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Figure 22 – SEM images of CD CdSe samples: a- 400C,b - 350C,c -300C; t=40 min



No deposition was observed at room temperature of CdSe, an increase in temperature leads to deposition. It is not yet entirely clear that nanoprecipitate is formed on the surface or in nanopores. However, judging by the size of nanoprecipitates, one can assume their formation on the surface.

3.6 Computer modelling
In addition to experimental studies, we carried out computer quantum-chemical calculations of a pure CdTe crystal using the hybrid exchange-correlation method HSE06 [48] and a periodic supercell model. For pure CdTe, ordinary and primitive cells with a hexagonal lattice are shown (Fig. 12).The calculations were performed using the CRYSTAL program [49]. Basic sets (BS) for Cd and Te atoms are taken from [47]. It is known that for a better description of the electronic structure of a crystal, it is necessary to accurately determine the total energy of the crystal cell [50 -51]. 
It is known from theory that the calculation of the total energy within the framework of the periodic crystal model is not simple [52]. For this reason, the CRYSTAL program has introduced a complex scheme for preliminary analysis and subsequent calculation of a series of crystal integrals.In our calculations, high convergence tolerances were chosen for Coulomb and exchange integrals [53, 54]: for Coulomb overlap (10-7), Coulomb penetration (10-7), exchange overlap (10-7), first exchange pseudo-overlap (10-7) and the second exchange pseudo-overlap (10-14).The force gradients relative to atomic coordinates and lattice parameters are analytically estimated. The equilibrium structure is determined using a quasi-Newtonian algorithm using the Broyden-Fletcher-Goldfarb-Shanno Gessen update scheme [49]. Convergence in the geometry of optimization processes is checked for root-mean-square (rms) and the absolute value of the largest component of both gradients and nuclear displacements.For all atoms, the threshold values for the maximum and root mean square forces are set at 0.000450 and 0.000300 a.u, and for the maximum and root mean square atomic displacements - at 0.001800 and 0.001200 a.u. respectively. Effective charges on atoms were estimated using Millikan population analysis. The integration over the Brillouin zone in the reciprocal space has been performed within a 5×5×3 Pack–Monkhorst grid. As a result, we calculated the lattice parameters (a, c), which are in good agreement with our experimental data (Table 2, Section 3).
Figure 23 also shows the calculated band structure of the CdTe crystal together with the density of states. Horizontal dotted lines in the right figure mark the boundaries of the valence and conduction bands.
The break of the 1.62 eV band at the T-point of the Brilouin zone (Fig. 23) is close to the experimental value of 1.6 eV [55, 56].
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a)                                                    b)

а) primitive cell CdTe;         b) density of states and band structure

Figure 23 – Calculated band structure of the crystal

Also, as follows from the density of electronic states, the upper part of the valence band is represented mainly by Te 5p orbitals, while the lower part of the conduction band consists mainly of Cd and Te 5s orbitals, charge analysis indicates a mixed ionic-covalent boundary 

CONCLUSION

The conclusion reflects the results obtained in 2020 and in the previous years 2018-2019.
According to studies carried out in 2020, the following results were obtained:
1) Using two types of electrolytes: template synthesis using ECD, nanocrystals CdTe(NCs)/SiO2/Si with WZ monophase were obtained. CdO(NCs)/SiO2/Si nanocrystals in the WZ structure were obtained at CD of the sulfate solution. Comparison of the deposition results suggests the effect of an electric field on the structure of nanocrystals. It should be emphasized that we have obtained a monophase wurtzite structure of cadmium oxide at a sufficiently low temperature of 343 K by a simple CD into a track template. The study of the I – V characteristic of the structure with the CdO monophase made it possible to estimate the number of grain boundaries ⁓ 1522 and the height of the grain barrier at 1.05 eV, and the n-type conductivity. ECD and CD on p-type silicon substrate does not lead to deposition into nanopores.
2) It was found that during ECD, nanocrystals of the oxide compound ZnSe, zinc diselenate ZnSe2O5, are formed. (NCs)/SiO2/Si. Research has shown that it is an n-type semiconductor. With CD, a decrease in the inclusion of oxygen in the structure of nanocrystals was obtained and zinc diselenite - ZnSeO3.(NCs)/SiO2/Si, Si - n and p - type was formed.
3) Zinc diselenide nanocrystals ZnSeO3 with an orthorhombic crystal structure, space group Pnma were obtained for the first time by template synthesis (62).
4) At room temperature CD of CdSe  was not observed, increasing the temperature leads to deposition. From the analysis of SEM images, one can assume the formation of nanoprecipetates on the surface.
5) ECD of zinc oxide in the track template showed that it was not enough in the voltage range (1.5 - 1.85 V) for 10 minutes to completely and evenly fill all the pores. There are empty pores on the SiO2 surface (almost 25 - 30% of the total number of pores), as well as completely filled pores. As the voltage increases, the deposited substance protrudes from the nanopores, as well as the formation of deposits on unirradiated areas of the SiO2 surface. According to X-ray diffraction data, the formation of ZnO nanocrystals with different phases depending on the voltage at the electrodes was established.
For the first time, ZnO(NCs)/SiO2/Si nanocrystals were obtained in three crystalline phases: wurtzite, sphalerite, and the structure of rock salt with ECD in a track template. We assume that the formation of cubic structures of zinc oxide (sphalerite and stone ol) in nanopores is associated with phase stabilization of a cubic face-centered Si substrate. The wurtzite ZnO structure is formed on the surface of amorphous SiO2. According to this result, in 2020, a patent of the Republic of Kazakhstan No. 3418 was obtained from 08.21.2020 “A method for producing ZnO nanocrystals in two crystal structures by the method of electrochemical deposition into track templates a-SiO2/Si-n”.
6) In 2020, one article Q1 and two articles with Q2 were published.
7) The monograph "Track Technologies" was published, which is implemented in the training process for PhD doctors.
8) ZnO(ZBSNCs)/SiO2/Si nanocrystals with a zinc blend (ZBS) crystal structure were obtained by ECD. This structure is poorly understood. Our study of the I – V characteristic showed that an n-type semiconductor is formed. Comparison of the PL ZnO(ZBSNCs)/SiO2/Si with the PL spectrum for ZnO with a wurtzite structure showed their similarity, but the ratio between the bands changes. Comparison of the band intensities showed that oxygen variations are the dominant defects in ZnO(ZBSNCs)/SiO2/Si. 
9) The band structure of the density of electronic states of CdTe was calculated using the CRYSTAL program. The crystal is direct-gap with the smallest band gap at the T-point. The band structure of the ZnSe2O5 crystal is calculated together with the density of the electronic state, from which it can be seen that the band gap is 0.102 a.u. (1 a.u. = 27.21 eV) or 2.8 eV, which is very close to another calculated value equal to 3.04 eV. The crystal is direct-gap with the smallest band gap at the T-point. 
Application: for sensor devices, opto-and nano-electronics systems.
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APPENDIX А

TECHNICAL SPECIFICATIONS AND
CALENDAR WORK PLAN

Under contract №132 from 12 March  2018 


1.Republican state enterprise on the right of economic management «L.N. Gumilyov Eurasian National University» Ministry of Education and Science of the Republic of Kazakhstan
1.1 By priority: Rational use of natural resources, including water resources, geology, processing, new materials and technologies, safe products and structures.
1.2 By sub-priority: Nanomaterials and nanotechnologies.
[bookmark: _Hlk506402690]1.3 By project topic: № AP05134367«Synthesis of nanocrystals in track templates of SiO2/Si for sensory, nano- and optoelectronic applications» 21140000 (twenty one million one hundred and forty thousand) tenge, including by year, for the performance of work in accordance with paragraph 3:
- for 2018 year -in the amount of 7000000 (seven million) tenge;
[bookmark: _Hlk506402862]- for 2019 year -in the amount of7063000 (seven million sixty three thousand)tenge;
[bookmark: _Hlk506402912]- for 2019 year -in the amount of7077000 (seven million seventy seven thousand)tenge

2. Characteristics of scientific and technical products by qualification criteria and economic indicators
2.1Direction of work: Applied research
2.2Application area: sensors, nano-and optoelectronic devices
2.3Endresult:
- for 2018year:а-SiO2nanopores/Sisamples with nanoclusters. SEM, AFM images, X-ray diffraction patterns, luminescence spectra, volt-ampere characteristics
- for 2019 year: а-SiO2nanopores/Sisamples with nanoclusters. SEM, AFM images, X-ray diffraction patterns, luminescence spectra, volt-ampere characteristics
- for 2020 year: а-SiO2nanopores/Sisamples with nanoclusters. SEM, AFM images, X-ray diffraction patterns, luminescence spectra, volt-ampere characteristics
2.4Patentability: Provided
2.5Scientific and technical level (novelty): A technology will be developed and samples will be obtained based on track templates SiO2nanopores/Si(n or p type) containing nanosized crystallites of direct-gap semiconductor compounds A2B6 (ZnSe, ZnO, CdSe, CdTe), as well as elementary Cd, Se, Te.A database of their luminescent, structural and electrophysical properties has been created. Data on computer modeling of electronic and adsorption properties. Based on the analysis of the research results, it is planned to identify the main prospects for using fundamentally new nanomaterials for sensor, nano - and optoelectronic devices.
2.6 The use of scientific and technical products is carried out: joint use in accordance with the legislation of the Republic of Kazakhstan
2.7Type of use of the result of scientific and (or) scientific and technical activities: new nanomaterials, technologies. Based on the analysis of the research results, it is planned to identify the main prospects for using fundamentally new nanomaterials for sensor, nano - and optoelectronic devices.




3. Name of work, terms of their implementation and results
	Job code, stage
	Name of work under the Agreement and the main stages of its implementation*
	Period of execution*
	Expectedresult*

	
	
	start
	ending
	

	1
	Develop modes (irradiation with ions and etching of latent tracks) for the formation of nanopores of a given size and shape in
а-SiO2/Si (n- and p-type silicon substrates)
	03/01/18
	01/11/19
	Regimes (irradiation with ions and etching of latent tracks) will be developed for the formation of nanopores of a given size and shape inа-SiO2/Si (n- and p-type silicon substrates). As a result, irradiated and etched a-а-SiO2nanopores/Sistructures will be obtained.

	1.1
	Develop irradiation modes for FHI
	03/01/18-
	01/11/19
	Irradiation modes of FHI will be developed and irradiated samples will be obtained

	1.2
	Develop etching modes with size and shape control
	03/01/18-
	30/12/19
	Etching modes with size and shape control will be developed. As a result, etched samples will be obtained, controlled by SEM

	2
	Develop modes and carry out ECD or if necessary CD of "cluster-forming" elements of groups II and VI into nanoporous structures of  а-SiO2/Si (n- and p-type Si); heat treatment of samples
	03/01/18
	02/11/20
	Modes will be developed and ECD or if necessary CD of "cluster-forming" elements of groups II and VI into nanoporous  а-SiO2/Si structures (n- and p-type Si);and heat treatment of the samples was carried out. As a result,  а-SiO2nanopores/Si specimens with nanoclusters will be obtained

	2.1
	ECD  (or  CD) of ZnSe, ZnO nanoclusters
	03/01/18
	02/11/20
	ECD  (or  CD) of ZnSe, ZnO nanoclusters will be carried out. As a result а-SiO2nanopores/Si samples with nanoclusters will be obtained

	2.2
	ECD  (or  CD) of Cd, Te, Se
	03/01/18
	02/11/20
	ECD  (or  CD) of Cd, Te, Se will be carried out.As a result а-SiO2nanopores/Si samples with nanoclusters will be obtained

	2.3
	ECD  (or  CD) of CdTe, CdSe
	03/01/18
	02/11/20
	ECD  (or  CD)  of CdTe, CdSe will be carried out.As a result, а-SiO2nanopores/Si samples with nanoclusters will be obtained

	3
	Investigate surface, structural, optical and electrophysical properties of samples
	03/01/18
	02/11/20
	The surface, structural, optical and electrophysical properties of the samples will be investigated. As a result, SEM, AFM images, X-ray diffraction patterns, luminescence spectra, VAC and photovoltaics will be obtained.

	4
	Computer modeling of electrophysical and adsorption properties of samples;
	02/02/18
	02/11/20
	Computer modeling of electrophysical and adsorption properties of samples will be carried out; And as a result, the characteristics of the electrophysical and adsorption properties of the samples will be obtained.

	5
	Step by step and complete analysis of results
	02/02/18
	02/11/20
	Conference thesis, articles, reports, annual reports

	6
	Аpprobation of results, publication and patenting
	02/02/18
	02/11/20
	Conference thesis, articles, patent preparation. Monographs «Track Technologies»
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	«APPROVE»

	
	Vice-rector of academic Affairs
L.N. Gumilyov Eurasian National University 
_______________ E. A. Ongarbaev
       «___» _____________ 2020 





The act of implementing 
the results of research work in the educational process

We, the undersigned, Director of the Department ofAcademic affairsKashkhynbai B.B.,Dean of the Faculty of Physics and Technology Nurmoldin E.E., Head of the Department of Technical Physics SalikhodjaZh.M.and the scientific project manager Dauletbekova A.K., drew up this act stating that the results of research work on the topicAP05134367 «Synthesis of nanocrystals in track templates of SiO2/Si for sensory, nano- and optoelectronic applications» (Grant funding for research in 2018-2020)andmonograph«Track technologies»of Dauletbekova A.K., GiniyatovaSh.G., Akilbekova A.D.,Balakhaeva R.K., UseinnovA. B. and BaimukhanovZ. K. published within the framework of the project, have theoretical and practical significance for the educational process.
	The results of scientific research and the textbook are implemented in the educational process of the Universityin 1 semester forthe first-year doctoral students of the specialty 8D05323 «Technical physics» in the discipline Ion-beam modification of materials) in 2019-2020, 2020-2021 academic years.


	
Director of the Department of Academic Affairs
	
	Kashkhynbai B.B.

	
Dean of the Faculty of Physics and technology
	
	Nurmoldin E.E.

	
Head of the Department of Technical physics
	
	SalikhodjaZh.M.

	
Scientificprojectmanager
	
	Dauletbekova A.K.
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