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Abstract

In this work, we studied the spectral characteristics of the energy structure of Fe?*ions in ZnO and
ZnS semiconductor materials. The spectral characteristics of semiconductors doped with iron ions
were obtained by direct matrix analysis. The wavelengths of the absorption bands obtained
experimentally and according to the calculations showed a good correlation. The possibility of

obtaining laser radiation on these materials in the range of 1.5 — 3 microns was evaluated.
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Introduction

Constantly increasing volumes of information transmitted by fiber-optic
communication lines necessitate the expansion of the frequency range of transmitting
radiation’. As the studies of a number of authors show, the search for methods of
obtaining materials for radiation sources in the spectral range of 1.5-3 ym 2, especially
those, which having frequencies different from those, which already used in existing
devices, has a great practical importance 2.

As radiation sources, the most optimal are semiconductor lasers, which are
characterized by a large range of generated power in continuous and pulsed modes and
high speed with pulse modulation 4. Also, their radiation frequency can be tuned within the
luminescence area °. Compared to other types of lasers, they have the highest efficiency,
smaller weight and dimensions °. A"B"' semiconductors doped with Co?*, Fe?*, Ni2 ions are
the subject of great interest for the construction of semiconductor lasers. lons of this group
have wide lines of absorption and emission spectra, which is interesting for reconfigurable
mid-infrared lasers 7. The work carried out in this field is mostly experimental, and is
devoted to a single ion in a single semiconductor or a single ion in a small array of
semiconductors . Some works are devoted to individual types of semiconductors obtained
by the diffuse method, as well as to repetitively pulsed lasers °.

The general theory of the ligand structure of the environment of iron group ions was
developed?®®. However, no methods have yet been developed for calculating the amplitude-

1 N. A. Bulychev; M. A. Kazaryan; E.S. Gridneva; E. N Murav'ev; V. F. Solinov: K. K. Koshelev; O.
K. Kosheleva; V. I. Sachkov & S. G. Chen, “Plasma discharge with bulk glow in the liquid phase
exposed to ultrasound”, Bulletin of the Lebedev Physical Institute, Vol: 39 num 7 (2012): 214-220.

2 N. A Bulychev; E. L. Kuznetsova; V. V. Bodryshev & L. N. Rabinskiy, “Nanotechnological Aspects
of Temperature-Dependent Decomposition of Polymer Solutions”, Nanoscience and Technology.
An International Journal, Vol: 9 num 2 (2018): 91-97.

8 V. F. Formalev & S. A. Kolesnik, “Heat Transfer in a Half-Space with Transversal Anisotropy
Under the Action of a Lumped Heat Source”, Journal of Engineering Physics and Thermophysics,
Vol: 92 nun 1 (2019): 52-59.

4V. F. Formalev; S. A. Kolesnik; E. L. Kuznetsova & L. N. Rabinskiy, “Origination and propagation
of temperature solitons with wave heat transfer in the bounded area during additive technological
processes”, Periodico Tche Quimica, Vol: 16 num 33 (2019): 505-515.

5 Y. A. Dyakov; M. A. Kazaryan; M. G. Golubkov; D. P. Gubanova; N. A. Bulychev & S. M.
Kazaryan, “Laser-induced dissociation processes of protonated glucose: dehydration reactions vs
cross-ring dissociation”, Proceedings of SPIE, 10614, num 17 (2018).

6 M. N. Kirichenko; N. A. Bulychev; L. L. Chaikov; M. A. Kazaryan & A. V. Masalov, “Effect of iron
oxide nanopatrticles on the concentration-versus-sizes relation of proteins in the blood plasma and
serum, and in model solutions” Proceedings of SPIE, 10614, OM (2018).

7 L. N. Rabinskiy & S. A. Sitnikov, “Development of technologies for obtaining composite material
based on silicone binder for its further use in space electric rocket engines”, Periodico Tche
Quimica, Vol: 15 num 1 (2018): 390-395.

8 V. V. Nigmatzyanov; V. A. Pogodin; L. N. Rabinskiy & S. A. Sitnikov, “The polymer-ceramic
material for the manufacture of gas discharge chamber for the electric rocket engine”, Periodico
Tche Quimica, num 16 Vol: 33 (2019): 801-808.

% V.Y Gidaspov; V. K. Golubev & N. S. Severina, “A software package for simulation of unsteady
Flows of the reacting gas in the channel. Bulletin of the South Ural State University, Series:
Mathematical Modelling”, Programming and Computer Software, Vol: 9 num 3 (2016): 94-104.

10 A, V. Ivanov; V. N. Nikiforov, S. V. Shevchenko; V. Yu. Timoshenko; V. V. Pryadun; N. A.
Bulychev; A. B. Bychenko & M. A. Kazaryan, “Properties of Metal Oxide Nanoparticles Prepared by
PH. D. YULIA P. ALEKSANDROVA / PH. D. NATALIA S. BUDANOVA / PH. D. ARIADNA A. FARMAKOVSKAYA
PH. D. NADEZHDA S. OKOROKOVA /LIC. GALINA N. USTYUZHANINOVA / LIC. NELLI P. ZHAROVA / LIC. VICTORIA KOHLERT
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spectral characteristics of the luminescence of iron group ions in semiconductors *?, taking
into account all possible interactions of the fields in the ion and the interaction of the ion
with the fields of ligand surroundings of various symmetries, which leads to significant
difficulties in the development of semiconductor lasers *2.

The aim of this work is to calculate the parameters of the array of luminescence
regions in Fe?* ions introduced into A"BY' semiconductors in the wavelength range (1.5-3)
pum and to compare the calculation results with experimental ones 2.

Calculation of the position of absorption bands of an iron ion in semiconductors

The interaction matrix is based on the Hamiltonian, which describes the energy
structure of the ion . The Hamiltonian includes the following interactions: electrostatic
interaction of electrons with each other Vqq, spin-orbit Hso and Hsf interaction °, taking
into account the effect inside the crystal field 6. The Hamiltonian of these interactions for
ions of the transition group of iron with electronic configurations 3d’, 3d® 3d°® has the
following structure: H = Vqq + Hsf + Hso 7.

The electrostatic interaction between electrons is responsible for the distribution of
energy levels over multiplets with certain quantum numbers of the orbital L *® and spin
moment of the momentum S *°,

As a rule, in case of A"B"! type semiconductors, symmetry of the active center of
the crystal field is described as one who having a tetrahedral (Tq) and a trigonal part

Plasma Discharge in Water with Ultrasonic Cavitation”, International Journal of Nanotechnology,
Vol: 14 num 7-8 (2017): 618-626.
11V, Y. Gidaspov & N. S. Severina, “Numerical Simulation of the Detonation of a Propane-Air
Mixture, Taking Irreversible Chemical Reactions into Account”, High Temperature, Vol: 55 num 5
(2017): 777-781.
12|, S, Burkhanov; L. L. Chaikov; N. A. Bulychev; M. A. Kazaryan & V. |. Krasovskii, “Nanoscale
metal oxide particles produced in the plasma discharge in the liquid phase upon exposure to
ultrasonic cavitation. 2. Sizes and stability. Dynamic light scattering study”, Bulletin of the Lebedev
Physical Institute, Vol: 41 un 10 (2014): 297-304.
13 N. A. Bulychev; M. A. Kazaryan; L. S. Lepnev; A. S. Averyushkin; M. N. Kirichenko; A. R.
Zakharyan & A. A. Chernov, “Luminescent properties of nanoparticles synthesized in electric
discharge in liquid under ultrasonic cavitation” Proceedings of SPIE, 10614 (2018).
4 V. F. Formalev; S. A. Kolesnik & B. A. Garibyan, “Mathematical modeling of heat transfer in
anisotropic plate with internal sinks”, Computational Mechanics and Modern Applied Software
Systems (CMMASS’2019) AIP Conf. Proc., 2181, 020003 (2019).
15 Yu. O. Kirilina; I. V. Bakeeva; N. A. Bulychev & V. P. Zubov, “Organic-inorganic hybrid hydrogels
based on linear poly(N-vinylpyrrolidone) and products of hydrolytic polycondensation of
tetramethoxysilane”, Polymer Science Series B, Vol: 51 num 3-4 (2009):
16 M. N. Kirichenko; L. L. Chaikov; I. S. Burkhanov; N. A. Bulychev & M. A. Kazaryan, “Effect of the
pH of iron oxide nanoparticles solution on the rate of fibrin gel formation (according to light
scattering data)”, Proceedings of SPIE, 11322, 1E (2019).
17 V. A. Pogodin; L. N. Rabinskiy & S. A. Sitnikov, “3D Printing of Components for the Gas-
Discharge Chamber of Electric Rocket Engines”, Russian Engineering Research, Vol: 39 num 9
(2019): 797-799.
18 1. N. Borovik; E. A. Strokach & N. S. Severina, “Influence of the turbulent Prandtl number on
numerical simulation reaction flow”, AIP Conference Proceedings, Vol: 2181 num 1 (2019): 020029.
19 N. S. Severina, “Software complex for solving the different tasks of physical gas dynamics”,
Periodico Tche Quimica, num 16 Vol: 32 (2019): 424-436.

PH. D. YULIA P. ALEKSANDROVA / PH. D. NATALIA S. BUDANOVA / PH. D. ARIADNA A. FARMAKOVSKAYA
PH. D. NADEZHDA S. OKOROKOVA /LIC. GALINA N. USTYUZHANINOVA / LIC. NELLI P. ZHAROVA / LIC. VICTORIA KOHLERT
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(Csv)?°, which defines a set of parameters of the crystal field with values of k, g = 2, 0; 4, 0;
4, 3; 4, -3 2%, But it is more convenient to use the well-known parameters of the crystal field
corresponding to the pure tetrahedral (parameter Dq) 2 and trigonal (parameters Dg)
components of the crystal field potential .

The interaction operators in the Hamiltonian are expressed in terms of the following
parameters 24 & is the spin-orbit coupling constant, Az, A, Ass are the interaction
parameters with the crystal field potential of tetrahedral (Tq) symmetry (Dq) %, and Dz, Dae
are the parameters of low symmetry of the crystal field potential 6.

From the results of the study (Figure 1), Fe?* ions in ZnO show the largest number
of transitions (five) with a wavelength in the target region of 1.3 - 3 um 27, in CdO and ZnS
(with three transitions) 28, It was found that Fe?* ions in ZnSe have one transition located
within the studied range and two transitions in close proximity to the boundary of the target
region 2°, while ions in CdSe, CdTe, and ZnTe have no transitions with a wavelength in the
target region .

20 A. V. Rudnev; N. G. Vanifatova; T. G. Dzherayan; E, V. Lazareva & N. A. Bulychev, “Study of
stability and dispersion composition of calcium hydroxyapatite in agueous suspensions by capillary
zone electrophoresis”, Russian Journal of Analytical Chemistry, Vol: 68 num 8 (2013).

21 V. V. Bodryshev; A. V. Babaytsev & L. N. Rabinskiy, “Investigation of Processes of Deformation
of Plastic Materials with the Help of Digital Image Processing”, Periodico Tche Quimica, hum 16
num 33 (2019): 865-876.

22\, F, Formalev; E. M. Kartashov & S. A. Kolesnik, “Simulation of Nonequilibrium Heat Transfer in
an Anisotropic Semispace Under the Action of a Point Heat Source”, Journal of Engineering
Physics and Thermophysics, Vol: 92 num 6 (2019): 1537-1547.

23 A. A. Asratyan; S. A. Ambrozevich: O. S. Andrienko; N. A. Bulychev; A. G. Grigoryants, M. A.
Kazaryan; S. M. Kazaryan; N. A. Lyabin; R. G. Mkhitaryan; G. A. Tonoyan; |, N. Shiganov & V. .
Sachkov, “Comparative analysis of parameters of pulsed copper vapour laser and known types of
technological lasers”. Proceedings of SPIE, 10614, num 02 (2018).

24 N. A, Bulychev; A. I. Erokhin & M. A. Kazaryan, “A Comparative Study of Anti-Stokes Shift under
Stimulated Rayleigh-Mie Scattering in Suspensions of Ag Nanoparticles Obtained in Plasma
Discharge in Liquid under Ultrasonic Cavitation”, Proceedings of SPIE, 11322, 2G (2019).

25 N. Bulychev; W. Van Camp, W.; B. Dervaux; Y. Kirilina; K. Dirnberger; T. Schauer; V. Zubov; F.
E. Du Prez & C. D. Eisenbach, “Comparative Study of the Solid-Liquid Interface Behaviour of
Amphiphilic Block and Block-like Copolymers. Macromolecular Chemistry and Physics, num 210
(2009): 287-298.

26 N. A. Bulychev; M. I. Danilkin; N. Yu. Vereshchagina & M. A. Kazaryan, “Luminescent Properties
of ZnO Nanoparticles Doped by W Obtained in Plasma Discharge in Liquid under Ultrasonic
Cavitation”, Proceedings of SPIE, 11322, 1S (2019).

27 A. S. Averyushkin; A. N. Baranov; N. A. Bulychev; M. A. Kazaryan; A. D. Kudryavtseva; M. A.
Strokov; N. V. Tcherniega & K. I. Zemskov, “Stimulated low-frequency Raman scattering in aqueous
suspension of nanoparticlesm Proceedings of SPIE, 10614, 0K (2018).

28 N. A. Bulychev; M. A. Kazaryan; A. D. Kudryavtseva; M. V. Kuznetsova; T. F. Limonova; N. V.
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Figure 1
Wavelengths of transitions of Fe?* in A'BY' semiconductor array 3!

Iron ions in A'BY" semiconductors also have fewer transitions within the
transparency window of the corresponding semiconductors 2. So, Fe?* ions in Cds, as well
as in all zinc compounds (ZnO, ZnS, ZnSe, ZnTe) * do not have transitions outside the
band gap **. Fe?" ions have three transitions in CdO, nine transitions in CdSe and ten
transitions in CdTe *°.

Iron compounds have a total of fourteen transitions in compounds with the studied
semiconductors *, twelve of them have a relatively high oscillator strength to be used as
laser materials *’.
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(2019).

35 V. F. Formalev; S. A. Kolesnik & B. A. Garibyan, “Heat transfer with absorption in anisotropic
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Table 1 compares the positions of the experimentally measured absorption bands
of the Fe?* ion in the ZnS semiconductor with the bands obtained theoretically using the
above mentioned method 32,

Fe?*ionin ZnS
Transition Experiment Calculation data

Bands with high oscillator | Wide band with low
strength oscillator strength
°Ds 2800 2891 2915 2868
°D; 3700 3536 3239 3218
Table 1

Position of the absorption bands obtained by theoretical and experimental method, nm 3°

The oscillation of the boundaries of the absorption bands obtained by the
theoretical and experimental methods within 50-100 nm is explained by the difference in
data “°: if the position of the peak of the spectrum was measured in the experiment, the
theoretical method gives the position of the transitions that form the spectrum and requires
further approximation 4. The magnitude of the fluctuations is 3-5%, which proves the
adequacy of used mathematical model #2.

Conclusions

Using matrix analysis, it was possible to detect the presence of a discrete
transition, which is difficult to determine during experimental observation, and to obtain
information about its location in the spectrum. This method can be applied in a similar way
to a wide array of ions and semiconductors, as an auxiliary reference tool in the design of
semiconductor lasers.
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