Journal of Physics: Conference Series

PAPER « OPEN ACCESS You may also like

Radiation defects in sulfates of alkali and alkaline-  Cte i ko, canoce for Loion

Aqueous Battery Applications

earth metals creating at excitation by ultraviolet Manickam Minekshi, Neeraj Sharma,

David Ralph et al.

phOtOnS - Glycine-Assisted Sol-Gel Combustion
Synthesis and Characterization of
Aluminum-Doped LiNiVO, for Use in
To cite this article: T N Nurakhmetov et al 2018 J. Phys.: Conf. Ser. 1115 052037 Lithium-lon Batteries
A. Sivashanmugam, R. Thirunakaran,
Meijing Zou et al.

- Amorphous Lithium Nickel Vanadate Thin-
Eilm Anodes for Rechargeable Lithium
View the article online for updates and enhancements. Microbatteries
Seung-Joo Lee, Heon-Young Lee, Tae-
Seok Ha et al.

@ The Electrochemical Society
Advancing solid sta >ctrochemical science & technology

242nd ECS Meeting
Oct 9 - 13, 2022 » Atlanta, GA, US

Early hotel & registration pricing

ends September 12 ECS Plenary Lecture featuring

M. Stanley Whittingham,
Binghamton University
Nobel Laureate —

Presenting more than 2,400
technical abstracts in 50 symposia 2019 Nobel Prize in Chemistry

This content was downloaded from IP address 82.200.168.90 on 10/08/2022 at 12:18


https://doi.org/10.1088/1742-6596/1115/5/052037
https://iopscience.iop.org/article/10.1149/1.3561764
https://iopscience.iop.org/article/10.1149/1.3561764
https://iopscience.iop.org/article/10.1149/1.3561764
https://iopscience.iop.org/article/10.1149/1.3561764
https://iopscience.iop.org/article/10.1149/1.3561764
https://iopscience.iop.org/article/10.1149/1.3561764
https://iopscience.iop.org/article/10.1149/1.3561764
https://iopscience.iop.org/article/10.1149/1.2162454
https://iopscience.iop.org/article/10.1149/1.2162454
https://iopscience.iop.org/article/10.1149/1.2162454
https://iopscience.iop.org/article/10.1149/1.2162454
https://iopscience.iop.org/article/10.1149/1.2162454
https://iopscience.iop.org/article/10.1149/1.2162454
https://iopscience.iop.org/article/10.1149/1.1477298
https://iopscience.iop.org/article/10.1149/1.1477298
https://iopscience.iop.org/article/10.1149/1.1477298
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsuYmua8aLvu4XmXragLKaSn70-fkYa9N0ccdQ38GGQpPGQ6zlC-eoG0vAPSiohG7RphVA-Z5-UVmO7uz92bXi2YbHvk-h2qlP5qFZbayagrZVdC1eA2SbM5iWVGTGLq2upxGMmKKqC3rTPkNNkH8y2kABzw2Cd8S5iPlv6L4Jgml7KoECEM_Q62cmz4s_iZyt87n7ymiPkRyAEkzdi3g2V9XlCZpAeJHv2r4KZoVdqhvh_kLl4H5q85pqEKkzUFALWKv1OHM7EA3LlNfbDMc8Ozeef57aBPAxipLA2TsDw2Kw&sai=AMfl-YSPIHFS0phCEPDhUhnR94s1Oo2ZNlxW5Ypf19sez6GzpmOmP41SeUGifX52UsGeDXPVEfk99s_FJH33FPo&sig=Cg0ArKJSzINIBBVHjpdH&fbs_aeid=[gw_fbsaeid]&adurl=https://community.electrochem.org/eWeb/DynamicPage.aspx%3Fwebcode%3DEventInfo%26Reg_evt_key%3Dcdc97533-dd9f-4411-a7c2-faa5b85a1388%26utm_source%3DIOP%26utm_medium%3DADV%26utm_campaign%3D242Reg

6th International Congress “Energy Fluxes and Radiation Effects” IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 1115 (2018) 052037  doi:10.1088/1742-6596/1115/5/052037

Radiation defects in sulfates of alkali and alkaline-earth
metals creating at excitation by ultraviolet photons

T N Nurakhmetov, B M Sadykova, Z M Salikhodzha, A M Zhunusbekov,
A Zh Kainarbay, D H Daurenbekov and K B Zhanylysov

L.N. Gumilyov Eurasian National University, 2 Saptayev Str., Astana, 010008,
Kazakhstan

E-mail: batsaiy_s@mail.ru

Abstract. X-ray luminescence, photoluminescence, and vacuum ultraviolet spectroscopy have
been used to study the nature of intrinsic luminescence and the formation of electron-hole
trapping centers in a LiNaSO, crystal in a broad spectral range at a temperature of 15-300 K.
Based on the measurement of the spectrum of creation of intrinsic luminescence and
recombination radiation at electron-hole trapping centers, the minimum energy of creation of
electron-hole pairs is estimated, which determines the width of the band gap in the new model
of the band structure, LiNaSOs. It is assumed that the appearance of intrinsic luminescence and
the formation of capture centers are associated with low-energy transitions from the 1tl
orbitals of the valence band of the anionic complex to the s-state of the cation in the conduction
band.

1. Introduction

Defect formation in irradiated sulfates of alkali and alkaline-earth metals is associated with the
dissociation of the anionic complex SO%~ [1-3]. The main radiation defects are formed during the
decay of the excited anionic complex SO%~ or in the localization of electrons and holes on anionic
complexes. In the formation of the band structure of alkali and alkaline-earth metal sulfates, the
electronic structure of the anion complex SO%plays a special role.

On the basis of measuring the reflection spectra [4, 5] and theoretical calculations [6-8] and
experimental measurements of diffuse reflectance spectra in alkali metal sulfates, authors [9] have
proposed electronic transitions corresponding to the reflection bands in the spectral range from 4 to
12 eV. In work [9] the band structure of alkali metal sulfates is proposed in the following way: the
upper part of the valence band participating in the electronic transitions consists of the 1¢#1, 31, le, 2t
orbitals of the anionic complex SO3~, the conduction band consists of unfilled orbitals 3aj u 4t of
anions SOZ~ and s-state of the cation. Depending on the energy of the exciting photons, transitions
from the 11, 31, le, 2t; orbitals of the anion SO?{ to the s-state of the cation or from the 3aj u 4t;
orbitals of the anion SO3™ into the conduction band. On the basis of the measured reflection spectra,
the authors of [9] assumed that these bands correspond to two groups of transitions from the valence
band to the conduction band. Reflection bands at 5.1 eV, 6.8 eV, and 10.5 eV are associated with
electronic transitions from the molecular orbitals 17, 3#, le, 21, of the anion SO3~ to the sulfate
conduction band. The next three reflection bands at 4.4 eV, 6.0 eV and 9.8 eV are attributed to
intramolecular transitions in the anionic complex SO3™.
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The nature of the intrinsic radiation and creation of electron-hole trapping centers in the irradiated
crystals of LiNaSO4 have not been adequately studied.

The thermoluminescence properties of LiNaSOs-Eu crystals under irradiation with gamma rays and
"Li ions with an energy of 24 and 48 MeV were studied in works [10, 11]. During the heating, the
created defects recombine and the released energy is transferred to the impurities Eu®*. Luminescent
properties and defect formation processes were investigated by irradiating crystals with X-ray and
y-radiation. It is known that irradiation with high-energy photons in alkali metal sulfates is dominated
by the formation of electron-hole capture centers. The intrinsic radiation in this case has a
recombination character. A recombination process, for example, X-ray luminescence, arises when
electrons are recombined from local states with self-localized holes. Therefore, in many cases in alkali
metal sulfates, the spectral composition of TSL and phosphorescence from the spectral position
coincide with the X-ray luminescence spectrum [12]. The study of intrinsic luminescence and of
capture centers must be carried out under irradiation with UV photons, which are create only low-
energy electron-hole pairs and excitons.

For the experimental justification of the new model [9] of the band structure of alkali and alkaline-
earth metal sulfates, it is necessary to investigate:

- the bands of intrinsic radiation in LiNaSOs corresponding to the electronic transition from the 1t;
orbital of the valence band to the s state of the conductivity band of cations under selective excitation
by photons (5.1+6.2 eV) producing low-energy electron-hole pairs;

- recombination processes on electron-hole trapping centers, leading to radiation.

2. Objects and methods of research

The crystals of LiNaSO; were grown from a saturated aqueous solution by slow evaporation at a
temperature of 50 °C. From the crystal, plates 3 to 5 mm thick were cut out. We studied samples of
crystals and powders of LiNaSO4 with a purity of 99.99%.

Crystals and powders of LiNaSO. were studied by the methods of photoluminescence, X-ray
luminescence, vacuum-ultraviolet and thermoactivation spectroscopy.

Irradiation of the objects of investigation was carried out from the X-ray tube BSV-23 with a
copper anode, the tube current was 10 mA, the voltage was 40 kV. The energy of the X-ray photon
was 10-15 keV. For excitation in the ultraviolet region of the spectrum, a deuterium lamp D200VUV
(Heraeus Noblelight, Germany) with a photon energy of 6.2+11.5 eV and a XBO 150W xenon lamp
(OSRAM, Germany) with a photon energy of 1.5+6.2 eV was used.

The spectrometer Solar SM 2203 was used to measure the emission and excitation spectra in the
spectral range 1.5+6.2 eV. Measurements of the excitation and emission spectra in the spectral region
4+11.5 eV were carried out on a vacuum monochromator assembled according to the Seya-Namioka
scheme in a wide temperature range of 15+400 K. The radiation of the crystals was recorded through
the MDR-41 monochromator using a photomultiplier tube 1P28 (Hamamatsu, Japan). The excitation
spectrum is corrected for the spectral distribution of the intensity of the exciting radiation.

3. The experimental results and discussion
In our previous works [12] in K»SO4 u Na,SOy4 crystals, emission bands at 3.65+3.7 eV were detected.
It was shown that these bands arise when electrons are recombined with self-trapped holes. In these
crystals, longwave emission bands with several maxima in the spectral range from 2 to 3 eV were also
found. It was assumed that these bands are associated with the creation of electron and hole trapping
centers. Depending on the energy of the exciting radiation (X-ray and y-rays, UV photons with energy
5+11.5 eV) and the irradiation temperature, the maxima of the main emission band varied from 3.5 eV
to 4.5 eV. In the same way, depending on the type and temperature of the irradiation, wide longwave
emission bands with several maxima from 2 eV to 3 eV were created.

Figure 1 shows the emission spectrum of a LiNaSOjy crystal measured at 300 K on a CM 2203
spectrofluorimeter. Under excitation by photons with an energy of 6.2 eV (figure 1, curve 1), a
emission band appears with a maximum of 3.7+3.8 eV and longwave emission bands 2.3:2.4 eV,
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2.6+2.7eV, 3.1 eV. It can be seen from figure 1 (curves 2, 3, 4, 5) that with a decrease in the energy of
the exciting photon with the values of 5.9 eV, 5.6 eV, 5.4 eV, 5.1 eV and 4.96 eV, the intensity of the
main emission band with a maximum of 3.7+3.8 eV decreases several times.

At an energy of exciting photons of 4.96 eV, the emission band is almost not observed. According
to the author's assumption [9], the minimum energy for creating electron-hole pairs in alkali metal
sulfates was 5.1 eV (figure 1, curve 5). With a decrease in the intensity of the main emission band at
3.7+3.8 eV, excitation in the energy range from 6.2 eV to 5.1 eV reduces in parallel the intensities of
the long-wave emission bands at 3.1 eV, 2.6+2.7 eV, 2.3+2.4 eV. For the reliability of the obtained
results, we investigated the pressed powders LiNaSO4 with a 99.99% purity.

Figure 2 (curve 1) shows the emission spectrum of a pressed powder under photons excitation with
an energy of 6.2 eV. It can be seen from figure 2 (curve 1) that an emission band with a maximum of
3.7+3.8 eV and long-wave emission bands at 3.1 eV, 2.6+2.7 eV and 2.3:2.4 eV appears. With a
decrease in the energy of the exciting photon from 6.2 eV to 5.1 eV, the intensity of the main emission
band at 3.7+3.8 eV decreases to a minimum. In parallel with the main band, the intensities of long-
wave emission bands at 3.1 eV, 2.6+2.7 eV and 2.3+2.4 eV decrease. Thus, in particularly pure
powder samples of LiNaSO, the following regularity is appear: the decreases intensity of the main
band at 3.7+3.8 eV, depending on the energy of the exciting photon from 6.2 eV to 5.1 eV.
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Figure 1. The emission spectrum of an irradiated Figure 2. The emission spectrum of irradiated
crystal LiNaSOs at 300 K under excitation by pressed powder LiNaSO, with a purity of
photons with an energy: 1) 6.2 eV; 2) 5.9 eV; 99.99% at 300 K under excitation by photons
3)5.64eV;4)54¢eV;5)5.16¢eV. with an energy: 1) 6.2 eV; 2) 59 eV; 3 5.64
eV;4)5.4¢eV;5)5.16eV.

Figure 3 shows the excitation spectrum of the main emission band at 3.7+3.8 eV. Figure 3 (curve 1)
shows that the emission band is effectively excited in the spectral range 5.4+6.2 eV. Indeed, the main
emission band begins to appear at an excitation photon energy of 5.4 eV. The longwave emission band
2.8+3.1 eV is effectively excited in the spectral region 4.6-6.2 eV and 3.9+4.2 eV (curve 2). The
excitation spectrum of the long-wave emission band at 3.1 eV is represented by curve 3. It can be seen
that this emission band 3.1 eV is excited with greater efficiency at a photon energy of 9-11.5 eV, and
also at a photon energy of 5.2-7 eV.

Figure 4 (curve 3) shows the emission spectrum of LiNaSO4 under excitation by photons with an
energy of 4.1 eV. It can be seen from the figure that the emission band at 2.8+3.1 eV is excited at
photon energies of 4.1 eV. Emission at 2.8+3.1 eV is excited in the transparency region of the
LiNaSO; crystal. According to the authors' assumption [9], the minimum energy for creating electron-
hole pairs in alkali metal sulphates should be 5.1 eV. The excitation of emission at 2.8+3.1 eV in the
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fundamental region 5.1+6.2 eV should be associated with the creation of this electron-hole capture
center during irradiation.
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Figure 3. Excitation spectrum of the crystal Figure 4. The emission spectrum of the crystal

LiNaSO; excitation spectrum for the emission LiNaSOs. 1) X-ray luminescence at 80 K;

band: 1) 3.7+3.8 eV at 300 K; 2) 3.1 eV at 300 K; 2) photoluminescence upon excitation by photons

3)3.1eVat15K. with an energy of 7.75 eV at 15 K;
3) photoluminescence upon excitation by photons
with an energy of 4.1 eV at 300 K.

Figure 4 (curve 1) shows the X-ray luminescence of a LiNaSOjs crystal at 80 K. It can be seen from
the figure that the main emission band is 3.7+3.8 eV does not release as a separate band. The total
maximum of X-ray luminescence is 3.5 eV. In many cases, when the alkali metal sulfates excited by
X-rays, the main 3.7+3.8 eV and the longwave emission bands (2.8+3.1 eV) are not separately
identified. In the case of X-ray excitation, when a high concentration of electron-hole pairs is created,
the main part of the emission comes out under recombination of localized electron-hole pairs. In
many sulphates, after stopping X-ray irradiation, we observed phosphorescence [12]. This means the
creation of electron-hole trapping centers. In the same figure 4 (curve 2), the emission spectrum of a
LiNaSO; crystal under excitation by photons with an energy of 7.75 eV. It can be seen from figure 4
(curve 2) that the contour of the emission band is similar to the contour of the X-ray luminescence
band (curve 1). Primary emission at 3.7+3.8 eV and long-wave emission with maxima at 3.1 eV and
2.6 eV is appeared (figure 4, curve 2).

On the basis of our experimental data, in accordance with the new model of the band structure of
alkali and alkaline-earth metal sulfates, the appearance of the main emission bands and the formation
of electron-hole trapping centers in LiNaSO4 occurs as a result of the following electronic transitions:

- as a result of excitation by photons with an energy of 6.2+5.1 eV, electrons transfer from the 1t;
orbitals of the valence band to the s orbitals of the cation in the conduction band, electron-hole
pairs with a starting energy of 5.1+6.2 eV should be created;

- as a result of the relaxation, emission appears at 3.7+3.8 eV; with a decrease in the energy of the
exciting photon, the emisson intensity decreases at 3.7+3.8 eV; at a photon energy of 5.1 eV, the
process of creating electron-hole pairs stops, which is the new fundamental boundary of the
forbidden band;

- at high energies excitation of 6.2 eV, generated electron-hole pairs create electron-hole trapping
centers; with a decrease in the energy of the exciting photon to 5.1 eV, the emission intensity
decreases at 3.1+2.8 eV;

- under excitation by high-energy photons with an energy more than 7.75 eV, electronic transitions
from the 1t,, 3t,, 1e orbitals of the valence band to the s orbitals of the conduction band should be
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performed. A large number of electron-hole pairs with high energy are created in the matrix; the
efficiency of the formation of capture centers increases;

- therefore, under UV excitation or X-rays, the efficiency of formation of electron-hole trapping
centers increases; this should lead to an increase in long-wave emission bands at 3.1 eV, 2.6 eV,
and 2.3 eV;

- we assume that creation of intrinsic emission that arise when electrons are recombined with
localized holes, it is necessary to create low-energy electron-hole pairs with an optimal density.

4. Conclusions

On the basis of experimental studies of the nature of the intrinsic radiation and processes of creation of
trapping centers for LiNaSQs, the following results confirm the new model of band structure of alkali
and alkaline earth metal sulfates:

- a joint change in the intensity of the intrinsic radiation and recombination radiation at the capture
centers with a gradual decrease in the energy of the exciting photon from 6.2 eV to 5.1 eV indicates a
unified nature of the appearance of intrinsic luminescence and the formation of trapping centers;

- a comparison of the intensity of recombination radiation 3.1 eV at the capture centers and intrinsic
luminescence showed that when excited by X-ray and UV rays with an energy of 7.75 eV, the
efficiency of the capture centers is greater than the intrinsic luminescence;

- it was established that for distinguishing intrinsic radiation it is necessary to excite a crystal with
photons with an energy of 5.1+6.2 eV with a lower density.
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