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Abstract. This paper presents studies of zinc selenite nanocrystals obtained by chemical
and electrochemical deposition of zinc in a silicon dioxide track template. With the use of
two kinds of electrolytes, zinc selenite nanocrystals were prepared by template synthesis
and their morphological, structural and photoluminescent properties were investigated. The
electrochemical deposition method was shown to be more optimal to create this crystal in
comparison to the chemical deposition method. The cell parameters created by us match up with
the results of other authors. Photoluminescence spectra were recorded in the spectrum interval
from 2 to 4 eV at room temperature at an excitation wavelength of ~ 4 eV.
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1. Introduction

Zinc oxide-based materials can be commonly used in the development of luminescent and
laser screens, as well as in infra-red technology. In different fields of engineering and science,
scintillation sensors are required for the detection and recording of radiation. Creation of
nanostructured material such zinc selenite - ZnSeQO, is a smart way to explore and improve the
properties of ZnO and ZnSe together instead of using them individually.

One of the prospective and intensively developing directions in modern science and
technology is the establishing of technologies for the creation of nanostructured materials with
specified properties, their exhaustive characterization and practical use [1]. There are many
methods for obtaining nanoparticles, ranging from lithographic methods to chemical methods.
Among them is the template synthesis method, which was used by us in obtaining nanocrystals
is another commonly used method.

In this paper, the fast heavy ion track technology is used, which is related to the development
of narrow and extended regions of radiation damage (“latent ion tracks”) in different materials
(especially in a silicon oxide layer) as a result of exposure to high-energy ions. [2-5]. SiO,,
widely used in semiconductor technology, was used as templates for the synthesis of nanowires
and nanotubes. The etched-out pores can be infilled with different materials by chemical or
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electrochemical deposition techniques. Different complexes of nanocrystals of CdTe, CdO and
other wide -gap semiconductor oxides such as ZnO were safely generated by this technology in
SiO,/Si ion track templates. Such structures built on silicon substrates can be easily integrated
into silicon technology. The aim of this work is to obtain ZnSeO, nanostructures by chemical and
electrochemical deposition in a-5iO,/Si-n track templates.

As new perspective materials for opto-electronics, nano-electronics and sensors are being
developed, zinc selenite received in SiO,/Si templates are of unquestioned interest. The synthesis
of zinc- and selenium-based oxide semiconductor nanocrystals in SiO,/Si track templates is
undoubtedly novel. This paper is one of the first practice to demonstrate the possibility of their
synthesis in SiO,/Si matrices by chemical (CD) and electrochemical deposition (ECD) methods
using two different types of electrolyte.

2. Materials and methods

The SiO,/Si structures we used for the experiment have been described in [6-8]. The matrix
synthesis was performed according to the method of templating synthesis with the use of two
kinds of electrolytes. Synthesis methods are described in [9-11], where synthesis modes are
described in detail. In our case, new complex crystals based on zinc selenide (ternary compounds)
on zinc electrodes at voltages from 1 to 2 V were produced by template-based synthesis.

The morphology of the structures was determined by JSM7500F scanning electron
microscopy (SEM). SEM analysis after etching and deposition of the obtained structures helps to
control the magnitude (size), shape of nanopores and the degree of nanopore filling.

The crystallographic parameters was investigated by X-ray diffraction (XRD). XRD patterns
were obtained using the X-ray diffractometer D8 ADVANCE ECO with Cu-anode comprised
between angles of 20 30".

Photoluminescence spectra were recorded at room temperature using an Agilent
Technologies spectrofluorimeter (Cary Eclipse Fluorescence Spectrophotometer) in the spectrum
interval of 300 to 800 nm at room temperature at an excitation wavelength of 300 nm.

Non-empirical calculations of the ZnSeO, crystal in the approximation of linear combinations
of atomic orbitals (LCAO) were performed using the exchange-correlation functional within
general gradient approximation (GGA). The calculations were performed in the CRYSTAL
program.

3. Results and discussion

SEM image analyses demonstrated that major part of the nanopores of the template were
filled out after CD for 30 minutes (the filling degree was 89.5%), and after CD for 15 minutes the
filling level of nanopores was 39.2%, respectively. As the deposition time increases, the precipitate
bulging from the nanopores on the surface was vividly presented (Fig. 1).
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Figure 1. SEM images of nanopore filling after 15 min CD (a) and 30 min CD (b).
D =435 to 535 nm

The X-ray diffraction diagrams of the samples after chemical deposition are illustrated
in  fig. 2. The relevant crystallographic parameters of nanoprecipitates in ion track templates
calculated from the XRD diffraction analysis data are given in Table 2. The JCPDS-78-0446
template was taken to identify the X-ray peak of orthorhombic ZnSeO,.
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Figure 2. X-ray images of templates with nanocrystals formed by chemical precipitation: the
deposition time was 15 min () and 30 min (b).

Table 1. Crystallographic data of ZnSeO, nanocrystals in 5iO,/Si matrices calculated from XRD
data.

After CD t =15 min

Typeof Space hkl  20° Interp-  Crystallite FWHM Cell Phase Vv, A3

structure group lanar size, nm parameter, content,
distance, A %
A

Orthor- Pnma 121 33.831 2.72577 142 .46 0.065  a=5.96223, 100 231.38
hombic (62) 040 47.717 1.90441 102.31 0.094  b=7.62036,

321 54535 1.68133 91.91 0.108  ¢=5.09252

103 56.301 1.63271 138.59 0.072

123  61.713  1.50188 102.01 0.101
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After CD t =30 min

Orthor- Pnma 200 28.330 3.14770 62.05 0.147  a=5.94116, 100 230.28
hombic (62) 121 32945 2.71660 90.40 0.102  b=7.61138,

040 47.756  1.90295 94.51 0.102  ¢=5.09249

321 54.535 1.68133 135.67 0.073

103  56.358 1.63120 148.88 0.067

123 61.656 1.50313 96.47 0.107

XRD data analysis for samples produced by the CD method showed the formation of ZnSeO,
nanocrystals with orthorhombic crystal structure and Prnma space group.

Figure 3 shows SEM images of the surface after ECD. It can be seen that the degree of pore
filling was significantly better compared to the samples obtained by chemical deposition. Thus,
the degree of pore filling was just 88% when precipitation of precipitate was carried out at 1V, at
1.5 V the nanopore filling degree was 90%, at 1.75 V it was 96%, and at 2 V it was 98%. It follows
that, with increasing voltage, sufficient filling of nanopores is observed.

Figure 3. SEM images of nanopores after ECD at different voltages:
a))U=1V,b)U=15V,c)U=1.75V and d) U=2 V. D=300 nm.

Figure 4 demonstrates the diffractograms after ECD and the results of XRD analysis are
summarised in Table 2.
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Figure 4. X-ray diffractograms of the studied samples

Figure 4 shows the diffractograms after ECD of 1V (a), 1.5V (b), 1.75V (c¢) and 2V (d). Thus, the
generated ZnSeO, nanocrystals within the nanopores are related to the orthorhombic structure
with Pnma space group. The cell parameters created by us match up with the results of other
authors [12].

Table 2. Crystallographic data of ZnSeO, nanostructures in SiO,/Si templates calculated from X-ray
diffraction analysis data at different voltages on the electrodes.

After ECDU=1V

Typeof Space hkl 20° Interp- Crystallite FWHM Cell Phase Vv, A3
structure group lanar size, nm parameter, content,
distance, A %
A
Orthor-  Pnma 121 33.092 2.70487 57.85 0.159 a=5.87290 100 230.06

hombic (62) 112 40.275 2.23744 28.77 0.327  b=7.71015
123 61.747 1.50114 87.86 0.117  c=5.08066

After ECDU=15V

Typeof Space hkl  20° Interp-  Crystallite FWHM Cell Phase V, A
structure group lanar size, nm parameter, content,
distance, A %
A

Orthor- Pnma 121 32933 2.71754 119.81 0.077  a=5.80623, 100 228.61
hombic  (62) 112 40.155 2.24380 20.53 0.458 b=7.73432,

202 47737  1.90368 150.16 0.064  c=5.09062

013 54.603 1.67941 84.24 0.118

103 56.389  1.63038 96.23 0.104

123 61.707  1.50201 140.29 0.073
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After ECD U=175V

Typeof Space hkl 20° Interp-  Crystallite FWHM Cell Phase V, A3
structure group lanar size, nm parameter, content,
distance, A %
A

Orthor- Pmma 121 33.131 2.70172 60.25 0.153  a=5.75728, 100 226.86
hombic  (62) 112 40,355 2.23322 23.73 0.396  b=7.74494,
123  61.787  1.50027 89.53 0.115 c=5.08763

After ECD U=2V

Typeof Space hkl  20° Interp-  Crystallite FWHM Cell Phase Vv, A3
structure group lanar size, nm parameter, content, %
distance, A
A
Orthor- Pnma 121 33131 2.70172 76.41 0.121  a=5.78776 100 229.49
hombic  (62) 112 40.156 2.24380 18.82 0.499  b=7.76468
c=5.10659

3.1 Photoluminescence

At room temperature, the luminescence spectra of ZnSeOB/SiOZ/Si presents a broad
band between 2 eV - 3.1 eV, like in the instance of ZnSeZOS/Sioz/Si after deposition [13]. The
photoluminescence of zinc selenite, as well as zinc diselenide, can be expected as a combination
of zinc oxide and zinc selenide luminescence.

Similar to ZnO [14], the luminescence spectrum contains luminescence subbands of zinc

vacancies (V, ) and oxygen vacancies (VO )- The observed bands in the photoluminescence
spectrum in the 2.72 eV region are similar to the luminescence band observed in ZnSe. The bulk
emission of ZnSe at the near band edge corresponds to the strong emission band at 2.84 eV. This
band is according to the authors of [15] to a complex centre consisting of a zinc vacancy and

an impurity small donor: Vzn + D. As follows from figure 5, the luminescence spectrum is quite
multifaceted and includes several components. Likewise, though not so complex spectra are
similarly monitored in ZnO [14,16] and ZnSe [15,17]. The absence of FL with a maximum at 3.52
eV in ZnO WS is explained by exciton luminescence (3.22 eV) [18].
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Figure 5 — Decomposition of FL spectra of zinc selenite after deposition with Gaussian curves

4. Computer modelling of ZnSeO,

To confirm the obtained experimental properties of ZnSeO, nanostructures, we performed
non-empirical calculations in the approximation of linear combinations of atomic orbitals
(LCAO) using the LDA-PZ exchange-correlation functional of density functional theory [19, 20].
The calculations were performed in the CRYSTAL programme [21]. This programme performs
calculations of the electronic structure of crystalline systems using the Hartree-Fock method,
density functional theory (DFT) methods and various hybrid approximations combined with
a basis (set) of local Gaussian functions for periodic (3D, 2D, 1D) systems. The programme has
proved to be a reliable tool for describing different properties of a wide range of semiconductor
and dielectric materials. To describe the atomic orbitals of different atoms included in the ZnSeO,
crystal, the following basis sets of Gaussian-type functions were chosen: for the zinc (Zn) and
oxygen (O) atom, the Jaffe basis was used [22], and for the selenium (Se) atom, the Towler basis
was used [23]. To better describe both structural and electronic properties, the last sp-orbital of
the original Se was removed. The effective atomic charges and bond occupancies were calculated
using the Malliken analysis [24].
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Figure 6 - Atomic structure of the unit cell of ZnSeO, (28 atoms).

The periodic model of a primitive ZnSeO, cell consisting of 28 atoms was used (Figure 6).
The calculated lattice parameters (a, b, ¢), crystal density (o,) and effective charges of atoms (q,,,)
are presented in Table 3 together with experimental results.

Table 3 — Calculated parameters of ZnSeQO, crystal.

Parameter Calculation Experiment Experiment [25]
a, A 5.85 5.90 5.92
b, A 7.69 7.64 7.66
¢ A 5.19 5.03 5.04
p, (g/cm?®) 5.44 5.58
q.,(Zn/Se/O) +1.16/+1.36/-0.84 -
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Figure 7 - Density of states and band structure of pure ZnSeO, crystal

Figure 7 shows the band structure at the highly symmetric Brillouin w points and along
the directions between them, together with the density of electronic states. The valence band
maximum appears near the Y-point, while the conduction band minimum occurs at the T-point,
indicating the indirect band structure. The calculated width of the band gap is 3.8 eV. The
density of electronic states shows that the top of the valence band is represented mainly by O 2p
states, while the conduction band is mainly represented by Se 3d, 4s orbitals. The higher energy
states are mainly represented by Zn 3d, 4s. As a result, it can be concluded that ZnSeO, has a
typical ionic compound, although the charge distribution analysis showed a significant covalent
contribution to the chemical bonds of the crystal.

5. Conclusions

ZnSeQ, nanocrystals were synthesised, and their optical properties were investigated. The
nanostructures were prepared by chemical deposition and electrochemical deposition into a
track templated matrix. The crystal structure and phase composition were studied by XRD. The
crystal phase of all samples was the same: orthorhombic structure, with almost identical unit cell
parameters. The electrochemical deposition method was shown to be more optimal to create this
crystal in comparison to the chemical deposition method. The use of electrochemical deposition
method gives an opportunity to fill almost all the nanopores and hence it is more convenient
and affordable method. The PL spectrum demonstrated a broad emission band in the spectrum
interval of 2.2-3.3 eV. Non-empirical calculations of the ZnSeO, crystal were carried out, and the
calculated band gap was 3.8 eV.
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®opMupoBaHIe HAaHOKPHUCTaA10B ceaeHnTa IMHKa B TPeKOBBIX mabaonax Si0,/Si ¢
IpuMeHeHNeM Pa3AnYHbIX COCTaBOB 1eKTPOANUTOB

A.A. Axbia6exosa, I'.I'. Capcexan, 3.K. baiimyxanos, A.K. JayaeTr0ekosa,
I'M. ApaabGaesa
Espasuticxuii nayuonaronvii ynusepcumem um. /.H. I'ymuresa, Acmana, Kasaxcman

AnHoTtanusa. B pabGore mpejcTaBAeHBI 1CCAeAOBaHISI HAaHOKPMUCTAAAOB CeJAeHNUTa IIMHKA,
IIOAY4eHHBIX XMMUYECKMM U DAEKTPOXMMUYECKUM OCa’kJeHMeM I[MHKa B TPEKOBOM Ila0J0He AMOKCUZ
KpemMHIs Ha KpeMHmii. C MCIIOAb30BaHMEM ABYX TUIIOB DAEKTPOAUTOB OBIAM IIOAYYeHBI MeTOAOM
TEMIIADITHOTO CUHTE3a HAHOKPUCTAAABl CeJ€HMTa IIMHKAa M UCCAEAOBAaHBI MX MOpP(O0rnyecKue,
CTpyKTypHBIe U (POTOAIOMIHECIIEHTHEIE CBONICTBA. MeToZ »AeKTPOXMMIMYIECKOTO OCa’KASHMS OKa3aaAcs
6o0aee DPQPEeKTUBHBIM A TIOAy4eHUs JaHHOTO KpUCTadda IO CPaBHEHMIO C MeTOAOM XMMMYECKOIro
ocaxxaeHns. IloayueHHble HaMM HapaMeTphl sYEVKM COBIAAAIOT C AUTEPAaTyPHBIMU AaHHBIMIU APYIUX
padot. CriekTpsl (OTOAIOMUHECIIEHIINI PETUCTPUPOBAANCH B CIIEKTPAABHOM AMalia3oHe oT 2 40 4 5B nipu
KOMHATHOJI TeMIlepaType IIpM AAVHe BOAHBI BO30Y>KAeHus: ~ 4 oB.

KaioueBble caoBa: AUOKCHJ KpeMHUs, XUMUYECKOe U DAEKTPOXUMIUYECKOe OCaKAEeHIIe,
¢oToArOMUHECIIEHIINIST, HAHOKPUCTAAABI Ce/€HUTa IIHKA.

§i0O,/Si Tpex TeMnA9¥TiHAE 9AeKTPOAUTTEPAiH eKi TypiH IaligasaHy HerisiHje MbIPBIII
CeleHNTi HaHOKPYICTaaJapbIHbIH TY3iayi

A.A. Axbia6exosa, I'.T. Capcexan, 3.K. barimyxanos, A.K. JayaeTr0ekosa,
I'M. ApaabGaesa
A.H. Tymunes amuviridazor Eypasus yammorx ynusepcumemi, Acmana, Kasaxcman

AHgatmma. Makaaaaa a—SiOZ/Si-n TpeK TeMIADUTIHAETI  MBIPBIIITHIH  XUMMSABIK — SKoHe
DAEKTPOXUMMAABIK TYHABIPYBIHAH aAbIHFaH MBIPBII CEACHNUTI HaHOKPUCTaAAApbIHBIH 3epTreyaepi
YCBIHBIAABL. DAEKTPOAUTTEPAIH eKi TypiH KOAJaHa OTBIPBLII, MBIPBIII CeA€HUTIHIH HaHOKpUCTalAapbl
mabAOHABIK ~ CHHTE3  apKbIABl  aablHABL — OaapablH  MOpPQOAOTMAABIK,  KYPBIABIMABIK — SKoHE
JoroaroMuHecHIeHTTIK KacueTTepi seprreasi. bya Kpucraaabl aay KesiHge XMMUAABIK TYHABIPY d4iciHe
KaparaHJa 9AeKTPOXUMMUAABIK TYHABIPY d94ici TMiMAipek O0ABII IIBIKTEL. bi3 aaran ysambik mapamerpaepi
Oacka eHOeKkTepJeri a4eduer aepeKkrepiMeH calikec Kedeai. POTOAIOMUHECIIEHIINS ClIeKTpAepi ~ 4 3B
KO3y TOJAKBIH Y3bIHABIFBIHAAFEI O©AMe TeMmIlepaTypachiHia 2-AeH 4 5B-re geifiHri crieKTpaik gmanazoHaa
JKa3bLAABI.

Tyitin ce3aep: KpeMHMII AVOKCHMAI, XUMMAABIK OKdHE  9DAEKTPOXUMILIABIK — TYHABIPY,
(OTOAIOMUHECIIEHIINSI, MBIPBIII CeA€HUTIHIH HAHOKPUCTAAAaPBhl.
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