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INTRODUCTION

Relevance and degree of the investigation of the topic. Modern
scientific and technological progress, the development of semicon-
ductor technology, the production of new functional materials, espe-
cially complex glassy semiconductor materials, and their application
are directly related to their application. Chalcogenide glassy substan-
ces are highly resistant to aggressive environments and are transpa-
rent in the infrared region of the spectrum. The most important thing
is to easily control their characteristics by changing their compositi-
on. These properties include optical, photoelectric, acousto-optical,
magneto-optical properties, etc. The search for new complex functio-
nal materials is based on the development of physico-chemical met-
hods of their synthesis, the study of phase equilibria in the correspon-
ding systems, and the physico-chemical, crystal-chemical properties
of the initial components

The synthesis of glassy and ideal crystalline substances, the
study of their physical, and physico-chemical properties, and the de-
termination of the possibilities of application are among the most
important tasks in the field of semiconductors. In this regard, study-
ing the interaction of sulfide and arsenic selenides and sulfide and
thulium selenides is one of the most urgent tasks.

Considering the promising properties of chalcogenides of lan-
thanides and chalcogenides of arsenic, studying the chemical interac-
tion between them allows us to expand the chemistry of chalcogeni-
des of lanthanides and chalcogenides of arsenic. Along with chalco-
genides of lanthanides, chalcogenides of arsenic and glassy substanc-
es based on them occupied a special place in some areas of semicon-
ductor technology, especially in acoustic optics.

Recently, there has been a lot of literature data about materials
based on f-elements and their chalcogenides and arsenic chalcogeni-
des (without oxygen), but there is very little work on thulium with a
variable oxidation state and its chalcogenides. In this regard, the
study of the physicochemical photo- and acoustic-optical properties
of glasses and crystalline substances synthesized in the presence of
Tm is one of the actual problems.

A study of the acousto-optical properties of synthesized glassy
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alloys based on As;Ss showed that they have high acousto-optical
properties and photosensitivity. Such glassy substances with such
properties occupy a special place in some areas of semiconductor
technology, especially in acousto-optics.

Amorphous chalcogenides have long been studied for their im-
portant applications in photonics, thermal imaging, phase change
memory, integrated fiber optics, biosensors, etc.!

Two-dimensional (2D) As.Sz materials with high anisotropy and
robust stability may be of significant interest in next-generation elec-
tronic and optomechanical fields, especially in directed memory devices,
and neuromorphic and polarization-sensitive photodetectors.?

The study of the electronic and thermoelectric properties of the
synthesized 2D As,;Sz showed that this compound has an indirect
band gap of 2.31 eV for the monolayer and 2.08 eV for the bulk.®

Object and subject of research. The objects of research are thuli-
um, arsenic, sulfur, selenium, and their binary compounds, and the sub-
ject is the study of crystalline and glassy substances in the Tm-As-S and
Tm-As-Se ternary systems.

Purpose and objectives of the research. The purpose of the dis-
sertation work is to study the interaction in the Tm-As-S(Se) ternary
systems, as well as to study the synthesis and properties of new chalco-
genide glassy and crystalline substances with functional properties.

To achieve this goal, the following specific tasks were set and
solved:

* Development of an optimal regime and method for the synthesis
of chalcogenide glassy semiconductors;

* study of ternary systems Tm-As-S, and Tm-As-Se along various
sections, determination of the glass formation region in them, and con-

1 B.Mortazavi, F. Shojaei, M. Azizi, T. Rabczuk and X. Zhuang. As;Ss, As;Ses and
As,Tes nanosheets: superstretchable semiconductors with anisotropic carrier
mobilities and optical properties // J. Mater. Chem. C, P.1-29, 2020, 8, 2400

2 A.Patel, D. Singh, Y.Sonvane et al. Bulk and monolayer As2S3 as promising
thermoelectric material with high conversion performance // Computational
Materials Science.2020, 183, 1-5

3 X.Liu, Z.Zhang, Zh.Ding®, et al. Highly anisotropic electronic and mechanical proper-
ties of monolayer and bilayer As,Ss //Applied Surface Science. 2021, 542, 1-13
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struction of their phase diagrams;

* determination of physico-chemical properties of glassy alloys
and intermediate phases of systems;

* obtaining individual intermediate phases of systems and grow-
ing their monocrystals;

* study of the kinetics of bulk crystallization and dissolution of
synthesized glassy alloys;

» study of crystallographic properties and the mechanism of for-
mation of new intermediate phases;

« study of the electrophysical, optical, and photoconductive prop-
erties of synthesized glasses and intermediate phases;

» identification of new functional materials.

Research methods. Methods of physico-chemical analysis were
used to solve the tasks set. The researches were carried out by the meth-
ods of differential thermal analysis (DTA), high-temperature differential
thermal analysis (HTDTA), X-ray diffraction analysis (XRD), micro-
structural analysis (MSA), determination of density, measurement of mi-
crohardness, chemical analysis for determining the composition of com-
pounds. Measurements of electrophysical, optical, and acoustic-optical
properties were carried out using the methods of studying photoelectric
properties. DTA of samples up to a temperature of 1300 K was deter-
mined with an accuracy of +5 degrees on the "Thermoskan-2" device.
Annealed Al,Os and thermocouple Pt-Pt/Rh were used as standards for
DTA. HTDTA was carried out in a helium medium on a BTA-987
device. XRD was carried out on a Bruker XRD D8 Advance with an ac-
curacy of £5 degrees. MSA was carried out using metallic microscopes
MUNM-7 and MUH-8. Measurements of microhardness were carried out
on the TIMT-3 Vickers instrument. Optical properties were measured on
a Spectrophotometer SF-5, acoustic-optical and photoelectric properties -
on complex devices (monochromator ZMR 3, selective receiver
TT-1301, selective microvoltmeter).

The main defense propositions.

1. Study of the Tm-As-S(Se) ternary systems along various sec-
tions, determination of the boundaries of glass formation areas, and
phase diagrams of the investigated sections;

2. Phase equilibria in the studied sections of ternary systems and
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their compositions according to the results of research using a complex
of physicochemical methods of analysis;

3. Results of studying the physicochemical properties of glassy al-
loys and intermediate phases found in systems;

4. The mechanism of crystallochemical formation of compounds
in the Tm-As-S(Se) ternary systems

5. Study of the kinetics of dissolution and the rate of bulk crystal-
lization of synthesized glasses;

6. Results of studying the physicochemical properties of the stud-
ied glassy alloys and intermediate phases;

Scientific novelty. The following new scientific results were ob-
tained:

* Ternary systems Tm-As-S (Tm-As-Se) were studied along the
various sections, non-crystalline regions were identified and phase dia-
grams were constructed after they crystallized and were brought into an
equilibrium state.

* The existence of intermediate phases AsS-TmS, Tm-AsS, As>Sz-
Tm, As:Sz-TmS, As:S3-Tm,Ss, As-TmSe, AsSe-Tm, As;Ses-TmSe,
As>Ses-TmpSes in the sections was established and their composition was
determined by a complex of physico-chemical methods of analysis.

* The physicochemical, crystal-chemical, and physical parameters
of the compounds obtained were studied. New compounds crystallize in
a stibnite-like structure, and the mechanism of their formation has been
established.

* The temperature dependence of the electrical conductivity of
compounds and glassy alloys was studied and the width of their thermal
and optical band gaps was determined. The glass obtained in the sys-
tems has high resistance.

* The photoelectric and optical properties of glassy alloys synthe-
sized based on As;Sez and AsSe were studied and it was found that they
are sensitive in the infrared part of the spectrum.

* The dissolution rate and kinetics of bulk crystallization of glassy
alloys in NaOH alkali were studied and some kinetic parameters were
calculated.

Theoretical and practical significance of the research. The
theoretical significance of the results obtained in the dissertation
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work lies in the fact that data on phase equilibria in the ternary sys-
tems Tm-As-S, and Tm-As-Se can be used in the study of corre-
sponding systems involving lanthanides. The constructed phase dia-
grams can serve to identify new intermediate phases and identify
suitable compounds in the presence of other lanthanides. Synthesis of
glasses in various rejimes makes it possible to obtain glasses with the
required properties. The results of the kinetics of dissolution and
crystallization of glasses make it possible to calculate some Kinetic
parameters and at the same time predict the formation of new struc-
tural units in glasses.

The practical significance of the study lies in the fact that,
based on the values of the results of physical measurements, new
compositions of chalcogenide glasses with promising properties were
determined and based on them a patent was obtained from the Re-
public of Azerbaijan (Patent No. |1 2021 0046)).

On the other hand, the constructed phase diagrams, crystal-
chemical, physicochemical, etc. properties of the obtained new com-
pounds are fundamental physicochemical parameters and can be in-
cluded in the corresponding electronic information databases.

Testing and application. 21 scientific works on the topic of the
dissertation, including 11 articles in international and local scientific
journals, articles and journals of scientific conferences (7 of them in for-
eign specialized journals), 9 theses, and 1 patent were published.

The main results of the Dissertation work were reported and dis-
cussed at the following conferences: “Miiasir Tabist Elmlorinin aktual
problemlari® Beynoalxalg elmi konfranslar1 (Gancas, Azarbaycan, 2017),
Umummilli lider Heydar Sliyevin anadan olmasmm 94, 95, 96, 98, 99-cu
ildontimino hosr olunmus doktorant, magistr va gonc todgigatgilarin
“Kimyanin aktual problemlori” XI, XII, XIIl, XV, XVI Beynalxalq
Konfransi, (Baki, Azorbaycan, 2017, 2018, 2019, 2021, 2022), Dokto-
rantlarm va gonc togigat¢ilarm Elmi konfransinin materiallar1 (Bakai,
Azorbaycan, 2017, 2018, 2019, 2021, 2022), “Metallurgiya vo material-
sinashigm problemlori” movzusunda 2-ci Beynalxalg EImi-Texniki
konfrans (Baki, Azorbaycan, 2017), The XX International Scientific
Symposium The Dialogue of Cultures dedicated to the 100" anniversary
of A. Jafarzade (Sankt-Petersburg, Russia 2021), Ganca Dovlst Univer-
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siteti Beynolxalg EImi Konfrans "Muasir tobist vo igtisad elmlarinin
aktual problemloari” (Gancs, Azarbaycan, 2022).

The name of the organization in which the dissertation work
was carried out. Dissertation work was performed at the "General
and Inorganic Chemistry" department of Baku State University.

The total volume of the dissertation with a sign indicating
the volume of the structural sections of the dissertation separately.
The dissertation consists of an introduction (12683 symbols), five
chapters (Chapter 1-27968 symbols, 11-36825 symbols, 111-32531
symbols, 1V-33009 symbols, V-16009 symbols), main results (2368
symbols), 190 items of scientific literature used and has a volume of
161 pages. The dissertation contains 59 pictures and 49 tables.

The applicant's contribution to the research conducted.
While completing the dissertation, the author directly participated in
the analysis of the recent literature data on the topic, conducting ex-
periments, measuring physical and chemical properties, preparing
articles, as well as solving other issues.

MAIN CONTENT WORK

In the first chapter of the dissertation, literary data on the topic of
the dissertation were presented and analyzed. An overview of literary
materials reflecting the interaction in arsenic chalcogen systems, phase
diagrams, some physical and chemical properties, the role of physical
and chemical factors in glass formation, and features of the interaction
of lanthanides forming ternary systems with chalcogens is given. The
characteristics of the synthesis of chalcogenides of lanthanoid elements,
physical and chemical properties of sulfides and selenides of thulium,
arsenic-containing chalcogenide systems, and also the role of lantha-
noids in glass formation are given. These data were used in planning
experimental studies and processing their results.

In the second chapter, special attention was paid to the selection
of synthesis methods and research methods. Complex methods of phys-
ico-chemical analysis were used during the research. Investigations in-
clude differential thermal analysis (DTA), high temperature differential
thermal analysis (HTDTA), X-ray diffraction analysis (XRD), micro-
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structure analysis (MSA), density determination, microhardness meas-
urement, chemical analysis to determine the composition of compounds,
measurement of electrophysical properties, optical and photoelectric
conducted using property survey methods. DTA of alloys up to a tem-
perature of 1300 K was determined with an accuracy of £5 degrees on
the "Termoskan-2" device. Annealed Al,Oz and a Pt-Pt/Rh thermocouple
were used as standards for DTA. HTDTA was carried out in the helium
atmosphere of the brand 51-681-75 in the BTA-987 device. XRD was
carried out on a Bruker XRD D8 Advance with an accuracy of +5
degrees. MSA was performed using MUM-7 and MH-8 metal micro-
scopes. The microhardness measurement method was carried out on a
IIMT-3 brand device according to Vickers.

In the third chapter, the properties of glass formation and glassy
alloys in Tm-As-S(Se) ternary systems were studied. The results ob-
tained were published in works [3-7, 10, 12, 13, 21].

Glass formations in the ternary system were determined by dif-
ferent sections and syntheses of individual ternary alloys. Different
physico-chemical properties of alloys of sections are given depend-
ing on the cooling rate. Glass solubility and volume crystallization
were determined and certain Kinetic parameters were calculated
based on their results. Changes in physical and chemical properties
of the As»S3-Tm, As:S3-TmS, AsS-Tm, and As>Ss-Tm,Ss, sections
depending on the cooling rate were determined.

Section As;Sz-Tm. The alloys were cooled in three modes at a
speed of 1-2 deg/min, 7-10 deg/min, and 450 deg/min (Tables 1-3).
The synthesized alloys have a compact shape and cherry color. In the
As>Ss-Tm section, a glass area of 7 at% was observed at a cooling
rate of 1-2 deg/min. At a cooling rate of 7-10 deg/min and 450 deg/min,
the glass formation areas were 12 and 15 at%, respectively.

As can be seen from Table 1, with an increase in the cooling ra-
te, the glass formation boundaries expand and changes occur in some
physical-chemical, macroscopic properties of glasses. After determi-
ning the glass formation point, their macroscopic properties were de-
termined according to the corresponding thermograms — glass forma-
tion temperature (Tgy), crystallization temperature (Tc), and melting
temperature (Tm). Microhardness (H,) on the I[IMT-3 device and den-
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sity (d) were determined pycnometrically.

As can be seen from Tables 1-3, with the increase in the con-
centration of thulium in the glasses, the values of the macroscopic
properties increase.

The macroscopic parameters of glassy alloys obtained in the
Tm-As-S and Tm-As-Se ternary systems, depending on the cooling
rates are presented in detail in the third chapter of the dissertation.

Table 1
Some physical and chemical properties of the glasses in the
As>S3-Tm system (cooling rate 1-2 deg/min)

Alloy compo- | Thermal effects T, . Density
sition, mol% K Microhardness, d, MSA results
AS: | Tm | Tg | Te | Tm AmPa - gsme
100 0 | 445 | - 590 1180 3,58 Dark faza
99 1 | 450 | 520 | 580 1210 3,63 « ”
97 3 | 455 | 525 | 575 1250 3,65 « ”
95 5 | 463 | 530 | 565 1280 3,73 « ”
93 7 | 470 | 535 | 560 1200 3,77 « ”
90 10 | 475 | 545 | 555 1150 3,90 Glass-crystal
Table 2

Some physical and chemical properties of the glasses in the
As;S3-Tm system (cooling rate 7-10 deg/min)

Alloy .
composition, Thermallgffects T Microhardness, Degsny MSA results
mol% H,,mPa q/s;n3
ASzS3 Tm Tg_ T. Th
100 0 445 - 590 1200 4,05 Grey phase
99 1 450 | 520 | 580 1250 4,10 “ ”
97 3 455 525 | 575 1280 4,15 Dark phase
95 5 463 | 530 | 565 1300 4,20 “ ”
93 7 470 | 535 | 560 1350 4,25 “ ”
90 10 475 | 545 | 555 1300 4,35 “ ”
88 12 477 548 | 565 1350 4,38 “ ”
85 15 480 | 551 | 570 1200 4,43 “ ”
80 20 485 | 555 | 575 1160 4,48 Glass-crystal
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Table 3
Some physical and chemical properties of the glasses in the
As>S3-Tm system (cooling rate 450 deg/min)

Alloy compo- | Thermal effects . .
sition, mol% T, K MlcrHohardness, Densﬁ;g MSA results
wmPa d, g/sm

ASzSg Tm Tg, Tc Tm
100 0 445 - 590 1450 3,75 Grey phase
97 3 455 | 525 | 575 1400 3,79 « ”
95 5 463 | 530 | 565 1370 3,81 Dark phase
93 7 470 | 535 | 560 1320 3,85 “ ”
90 10 475 | 545 | 555 1280 3,90 « ”
85 15 480 | 551 | 570 1250 3,95 « ”
80 20 485 | 555 | 575 1180 4,05 Glass-crystal

The boundaries of the glass formation area in the ternary sys-
tems Tm-As-S and Tm-As-Se are shown in Figure 1, mainly based
on the cooling rate in two regimes of certain glass formation areas in
binary systems. It was determined that at a cooling rate of v=10
deg/min, the glass formation area takes 33 at.% of the total area of
the concentration triangle, and at v=100 deg/min — is 51 at.%.

In the Tm-As-Se ternary system, when the cooling rate is v=10
deg/min, the glass formation area takes about 35 at.% of the total area of
the concentration triangle, and when v=100 deg/min, it is 54 at.%.

As As
/ ’\\ f"‘\
I/‘
/ N / \\
80/ \ gQ/i 5\
/ \ a' / 9‘-‘{
/ \ e / 3
o 60, e 60/
;; y g} //
40/ 40
/’ /
20/ 20/
/
I/’
i L L | \ / | | |
Tm 20 40 60 80 S Trm 20 40 60 80 Se

at% at%
Figure 1. The glass formation areas in the Tm-As-S and Tm-As-Se systems.
v=10 deg/min 2. v=100 deg/min
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Glass formation in the As;Sz-TmS section:

After determining the glass formation temperature by the pyc-
nometric method, their macroscopic properties were determined -
glass formation temperature (Tg), crystallization temperature (T¢),
melting temperature (Tm) according to the corresponding thermo-
grams, while microhardness (H,), density (d) were determined pyc-
nometrically: T4=465 K, Tc=495 K, Tn=580 K (Figure 2).

As>S3-Tm,S3 section. When studying the alloys, based on the
DTA results (Figure 2), it was determined that three thermal effects
(Tg, Te, Tm) are observed in the thermograms of the alloys, it is pos-
sible to say that the alloys are glassy form. In the 3-15 mol% Tm,Ss
compositions range, intense diffraction peaks characteristic of crys-
talline substances were not detected in the powder diffractograms of
the alloys (Figure 3).

Glasses synthesized based on arsenic selenides. Using a com-
plex of physicochemical methods of analysis, the chemical interac-
tion in glassy areas of the Tm-As-Se ternary system was studied and
it was established that glass formation occurs in the system. The
physicochemical properties (Tg, Tc, Tm, density, microhardness) of the
alloys were determined in terms of glass area. It was obtained that
T4=510 K, T¢=530 K, Tn=550 K (Figure 4).

No intense diffraction lines characteristic of crystalline sub-
stances were observed on the powder diffractograms of the alloys
with the indicated compositions (Figure 5).

HDSC (mV)
=

580

465

250 500 550 600 TK
Figure 2. Heating DTA curve of the [As2Sz]o.e[TMS]o1 alloy
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Figure 3. Powder diffractograms of alloys from the glass region of the
As;S3-Tm,Sz system. 1-5 mol %, 2-10 mol %, 3-20 mol % Tm;,Ss.
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Figure 5. Powder diffraction patterns of alloys with compositions
[ASQSEQ,]o,goI_—rmSE]o,l (a) and [Astea]o,asl_—rmse]o_ls (b)
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Dissolution speed of sulfide glasses in alkalis. Chalcogenide
glasses are resistant to practically all aggressive environments, not
hygroscopic. They do not react with water and most acids, and dis-
solve in acids only in nitric acid and alkaline solutions. The dissolu-
tion rate of glasses of the [As2Ss]1.x[Tm]x system was determined at
different concentrations of NaOH alkali (0.25, 0.5, and 1N). The
temperature of the solution was maintained at the level of 3-50 °C by
using a thermostat. The measurement error is 10%.

The rate of dissolution was determined on three parallel ground
and polished samples. The compositions of the glasses are taken ac-
cording to the formulas [As2S3Jo.9o[TmM]oo1, [AS2S3]o.97[TM]o.03,
[As2S3]o.95s[ Tm]o.os. Based on the experimentally obtained data, the
dissolution rates of the investigated glasses were calculated and the
results are given in Tables 4, and 5.

Table 4
Glasses dissolution rates of some investigated alloys

| [As2S3]ogo[ TMlo.o1 | [AS2S3los7[ TMlo.os | [AS2S3]o.95[ TM]o.os
T T

W-108 InwW W-108 InwW W-108 LnwW

298 | 0,0039 1 -18,42 18 -15,65 35 -11,87

305 | 0,0032 1,6 -17,98 20 -14,43 38 -14,78

325 | 0,0030 7,6 -16,42 37 -14,95 40 -14,73

W- dissolution rate, mol/cm?-sec
Table 5
Some kinetic parameters of glasses with different compositions
based on As,S3

Composition, mol% | Eo, kcal/mol Ce,mol/sm?-sec | Cr, mol/sm?-sec
AS,S3 14,6 1,6-10% 3,9-10%
[ASst]o,gg[Tm]om 4,8 2,45- 1020 3,75-1027
[A3283]0,97[Tm]0,03 1,6 1,6 1018 3,69-1027
[As2S3]o.9s[ TM]o.05 1,4 4,4.10% 3,65-10%'

Eo-activation energy, C., Ct- Kinetic parameters

As can be seen from Table 5, increasing the amount of thulium
element in the glass alloys leads to a sharp decrease in the activation
energy.
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After studying the crystallization of glasses based on As,Ss, the
volume crystallization rates of glasses based on As»Ses synthesized
in the As>Ses-Tm,Ses section were studied.

Different compositions were isothermally treated at 525+5K
and their properties were studied (Table 6).

Table 6
Effect of isothermal processing on properties as a function of time
Glass composition Time, hours De”s'tsy ' Microhardness
g/sm H,, mPa

50 4,55 1350
[ASzSBa]gg,gg[Tmzs%]o,ol 100 4,60 1260
150 4,68 820
50 4,61 1260
[As2Ses]o,e7[TM2Ses]o03 100 4,65 1260
150 4,72 800
50 4,63 1300
[A52563]o,95[-rm2893]o,05 100 4,67 1250
150 4,70 780
50 4,67 1210
[A52563]99,9Um2583]o,1 100 4,69 1100
150 4,79 750

The study of the crystallization process of glasses is one of the ef-
fective methods of investigating the structure of glasses and determining
the glass state. Based on the obtained values, the volume, crystallization
time, density, and microhardness of glass alloys with different composi-
tions at a temperature of 52515 K were determined (Table 7).

Table 7
Volume crystallization of glasses based on As,S3 (525+5K)

Glass composition Time, hours Density, g/sm? Ml(i‘_riohardness
w, MPa
50 3,18 1180
[ASzS3]o,99[Tm]o,01 100 3,25 1100
150 4,18 950
50 3,20 1100
[As2S3]o,97[TM]o03 100 3,65 980
150 4,45 900
50 3,22 980
[As2S3]0.95[ Tm]o,0s 100 3,75 900
150 4,5 850
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As can be seen from Table 7, with a decrease in thulium con-
tent in glassy alloys, the density of glassy alloys increases, and the
value of microhardness decreases. Such a change in prices indicates
the crystallization of glassy alloys.

It has been established that after isothermal crystallization and
bringing glassy alloys to an equilibrium state, changes occur in the
parameters characterizing their physicochemical properties.

In the fourth chapter, based on the results obtained from a
complex of physico-chemical methods of analysis in ternary systems
Tm-As-S(Se), the phase diagrams of some sections are constructed
and phase equilibria in the investigated systems are determined. The
results obtained were published in works [1, 2, 8, 9, 11, 14, 15, 20].

AsS-Tm Section. (Figure 6) The alloys of the system were pro-
duced by direct synthesis of the initial components in quartz am-
poules, followed by stepwise annealing. The synthesis was carried
out at temperatures of 720, 900, and 1350 K, respectively, and the
alloys were cooled slowly (10 deg/min). Alloys in the range of 0-65
mol% Tm were obtained in compact form, and at higher concentra-
tions - in the powders form.

For the investigations of alloys in crystalline form, they were
crushed, pressed into tablets, and subjected to a long-time heat treat-
ment. For homogenization, the alloys were subjected to heat treat-
ment for 500 hours at a temperature of 50-1000°C below the solidus
temperature.

The alloys were investigated by a complex of physico-chemical
methods of analysis (DTA, MSA, XRD, microhardness measurement,
and density determination). The thermal analysis of the investigated al-
loys up to a temperature of 1350 K was carried out on the Thermoscan-
2 device, while at higher temperatures - on the HTDTA BTA-987 de-
vice. Detailed descriptions of all research methods are presented in the
second chapter of the methodological part of the dissertation. When
measuring microhardness, depending on the composition, experimental-
ly determined loads of 10 and 20 grams were used.

Based on the obtained experimental results, a phase diagram of
the Tm-AsS system was constructed (Figure 6). The XRD results
show that a new phase, TmASS, is formed in the system, and it is ex-
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plained by the fact that it differs from the initial components by spe-
cific diffraction lines.

T.K

1875 M

1675

M+y(TmAsS)
//'/\.

1475 -
1275 -
1075 f=<—

875

675
Y(TmAsS)+Tm

475

T 20 30 ki(:( | mmz /%/Z//\Z s

Figure 6. The phase diagram of the Tm-AsS system

As can be seen from the phase diagram of the Tm-AsS system,
the liquidus of the system consists of three curves of primary crystal-
lization. The crystallization curve of thulium from liquid and the
crystallization curve of the TmAsS compound form a eutectic at the
temperature of 1075 K. Between TmAsS and AsS compounds, a sec-
ond eutectic horizontal line is formed at 575 K. Below the eutectic
curves two-phase fields are formed: Tm+TmAsS and TmASS+ASS.
The TmASS compound has a homogeneity region in the 52-48 mol%
Tm concentration range

As;S3-TmS section. The alloys of the system were synthesized
according to the method specified in the methodological part of the
dissertation. For the synthesis, the high-purity arsenic B-5, pure sul-
fur, and thulium, as well as the initial binary compounds As;Ss, TmS
were used.

The glass area up to 12 mol% was determined by slowly cool-
ing the alloy across the -section (10 deg/min). The alloys were
brought into an equilibrium state by isothermal treatment at tempera-
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tures below the solidus of 50-100°C and studied using complex
methods of physicochemical analysis.
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Figure 7. Phase diagram of the As;Ss-TmS section

The study of alloys by MSA showed that the solubility region
of the As,Ss in the system is in the range of 0-1.5 mol%. The system
is characterized by the formation of the two-phase regions in the 1.5-
33.33, 33.33-50, 50-60, and 60-100 mol% TmS composition range.
At 33.3mol% TmS, (TmAS4S7), at 50 mol% TmS (TmAs2S4), and at
60 mol% TmS (TmsAssSe) new phases are formed (Figure. 7). Three
evectic horizontals are observed in the system: at 523, 773, and 973
K. Coordinates of eutectic points are refined by constructing the
Tammann triangle. Below these curves, two-phase fields are formed
otTmASSs,  TMAS:S4+TmAS2Ss,  TmMASSs+TmzAsSsSe,  and
TmzASsSg+TmS.

Based on the results obtained, a phase diagram of the As,Ss-
TmS section was constructed (Figure 7).

As can be seen from the phase diagram, the As;S3-TmS section
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IS a quasi-binary section of the ternary ternary system Tm-As-S.
Three new phases are present in the system - TmAs4S7, TmAs,Ss and
TmzAssSe compounds. Among them, the compounds TmAsS7 and
TmAs2Ss melt congruently, and the compound TmszAssSe decom-
poses according to the peritectic reaction M+TmS<«> TmsAssSg. The
investigated new compounds TmAssS7, TmAS:Ss and TmsAssSe
crystallize in rhombic syngonies, the lattice parameters are as fol-
lows: a=1.189, b=1.449, ¢=0.403A (TmAs4S7); a=1.155, b=1.350,
c=0.356 A (TMASs;S4), a=1.681; b=2.438, c=0.402 A (TmzAs4Sy).

As>S3-Tm,S3 section. Based on the results of DTA, it was es-
tablished that a new phase compound TmASsSs is formed in the sys-
tem with an initial components ratio of 1:1. The results of the X-ray
phase analysis confirm the results of the DTA. Microstructure analy-
sis confirms the presence of solid solutions based on As;Sz in the
range of 0-1.5 mol% Tm,Sz and the presence of a TmAsSz com-
pound. Based on the results of all research methods, a phase diagram
was constructed (Figure 8).
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Figure 8. The phase diagram of the As,;S3-Tm,S; system
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As can be seen from the phase diagram, the system has a limited
solubility range for the initial components. A region of solid solution of
1.5 mol% based on As>S3 and 1 mol% based on Tm,Ss was determined
(Figure 8). The Tm2Sz compound has polymorphism, i.e. it has phase
transitions. The polymorphism of the compound also manifests itself in
the alloys of the system. As a result, two-phase (6+y, 6+6) and three-
phase (L+6+TmySs, L+y+TmSz and L+0+Tm.Sz polymorphic transi-
tions at 1573, 1373, and 1123 K temperatures, acordingly, are formed in
the As,S3-Tm,Sz system. The coordinates of the eutectic and peritectic
points are refined by constructing the Tammann triangle. Below the eu-
tectic horizontal at 530 K there is a two-phase region o+TmASS.

AsSe-Tm section. Alloys based on AsSe were obtained in glass
and glass-crystalline form with a solid content of 0-10 mol.%. Alloys of
the system were brought to an equilibrium state after heat treatment at a
temperature of 200°C and investigated by complex methods of physico-
chemical analysis, and based on the obtained results, a phase diagram of
the Tm-AsSe system was constructed (Figure. 9).

As can be seen from Figure 9 and Table 9, when the ratio of
components is 1:1, there is a thermal effect at a temperature of 1125 K.
Two non-variant processes are fixed in the system. At temperatures
of 505 and 800 K, and compositions of 11 and 65 mol% Tm, the cor-
responding eutectic process and a three-phase reaction occurs

M — AsSe +yvoM— Tm+y

Based on AsSe, an a-solid solution is observed in the range of
0+15 mol% Tm. The system is characterized by the presence of two
two-phase fields: a+TmAsSe and TmAsSe+ y. The two-phase field
a+y(TmAsSe) forms in the concentration range of 1.5+48 mol% Tm.
The y(TmAsSe) phase is observed in the range of 48-52 mol% Tm,
and the y(TmAsSe) and Tm phases in the range of 52-100 mol% Tm.
As can be seen from Figure 9, the liquidus of the system consists of
three curves. The primary crystallization curve of the boundary phase
(o), the primary crystallization curve of the TmAsSe compound, and
the primary crystallization curve of the elementary thulium component
in the system showed a homogeneity region of the TmAsSe compound
in the concentration range of 48+52 mol. %Tm (Figure 9).
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Figure 9. The phase diagram of the Tm-AsSe system

As;Ses-TmSe section. The system is characterized by the for-
mation of two (TmsAssSes and TmAS,Ses) incongruent compounds.
Complete information about the glass formation region formed in the
system is not available. For this reason, we began studying the sys-
tem again.

Based on the results obtained, a new phase diagram of the
As>Ses-TmSe system was constructed (Fig. 10).

The phase diagram of the system is a quasi-binary section. Based
on As;Ses, a narrow region of glass formation was discovered. As can
be seen from the diagram, two incongruent compounds (TmzAssSey and
TmAS,Ses) and one congruent compound (TmAssSe7) are formed in the
system. Incongruent compounds are formed at 1100 and 1000 K tem-
peratures, respectively as a result of the following processes.

Mp1 + TmSe < TmsASs4Seg

Mp2 +TmsAssSeg « TmMASSey
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Figure 10. The phase diagram of the As,Ses;-TmSe system

The congruent compound is formed as a result of the
L <> TmAssSe7 process at a temperature of 930 K. The system is charac-
terized by the formation of two eutectic points. A eutectic line is formed
between the As;Sez and TmAssSez compounds (10.5 mol% TmSe, 625
K) and TmAssSez; and TmAs;Se4 (40 mol% TmSe, 750 K). Their com-
positions are clarified by constructing the Tammann triangle. Two-
phase fields are formed between the initial binary and intermediate
ternary compounds: ot+TmAs;Sey, TmAS;Ser+TmAS,Ses,
TmAS>Ses+TmsAssSeg, and TmsAssSeg+B. The TmASsSer, TmAS,Ses,
and TmsAssSeg compounds were obtained individually, their monocrys-
tals were grown, and the lattice parameters were calculated based on the
powder XRD results. All three compounds were found to crystallize in
orthorhombic syngony: a=16,91; b=23,58; c=4,10 A (TmAs.Sey),
a=11,37; b= 13,02; ¢=3,79 A (TmAs;Ses), a= 6,981; b=4,38; c=4,02
(TmzAssSes).

As>Ses— Tm,Ses system. Synthesis of alloys of the system was
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carried out in the same way as in the As;Ses—TmSe system. The syn-
thesis temperature was stepwise. First, the temperature was raised to
750 K, then to 900-1100 K, and after holding at a higher temperature
for 2 hours, alloys containing 15 mol% Tm2Ses were taken out of the
furnace and cooled in the air; the glass area was determined for the
alloy containing 10 mol% Tm>Ses.
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Figure 11. The phase diagram of the As,Ses- Tm,Se; system

After synthesis, alloys were subjected to heat treatment. The an-
nealing temperature for the alloy up to 50 mol.% Tm,Ses was 500 K,
and for alloys with a higher Tm2Sesz content -700 K. They were kept at
these temperatures for 200 hours. Based on the results obtained the
phase diagram of the As,Sez— TmySes is constructed (Figure 11).

As can be seen from Figure 11, the system is a quasi-binary sec-
tion of the Tm-As-Se ternary system. The Liquidus system consists of
three primary crystallization curves: As;Ses, TmAsSes, and TmySes
compounds. The liquid with the composition of 32.5 mol.%Tm,Se3
(point Py) reacts with Tm,Sesz and forms the TmAsSes (y-phase) ternary
compound. The system is characterized by the formation of eutectic
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point with coordinates of 18 mol% Tm,Ses and 620 K.

At room temperature, the solubility based on As;Sesis 2 mol.%
TmySes. At the eutectic temperature, it is 5 mol% TmoSes. In the sys-
tem, the alloy with a composition of 12 mol.% Tm;Ses was obtained
in a glassy form. The microhardness of As,Ses is determined equal to
78107 H/p?, which is consistent with literature data.

The fifth chapter presents the results of obtaining monocrys-
tals of ternary phases determined in the studied systems and investi-
gations of their electrical properties. The results obtained were pub-
lished in works [16-19].

There are several methods for growing monocrystals of semi-
conductor materials. Taking into account the individual properties of
the substances used, the chemical carrier gas was used in this work.
The dissertation provides information about the synthesis regime and
methods of monocrystals of the TmAssX7, TmASXa, TmzASsXo,
TmAsX3, TmAsX (X-S, Se) intermediate phases growing.

The optimal regimes of monocrystals growing are given in Table 8.

Based on the analysis of literature data, the most likely reac-
tions are as follows:

1) 2TmASs;S4 + 912 5 2Tmlz + 4Asl3 +8S;
2) 2TmAs4S7 + 1512 5 2Tmlz + 8Asls +7S;
3) 2TmzAssSe + 1612 —t> 6Tmls + 8Asls +9S;
4) 2TmASS;s + 6J2 5 2Tmlz + 2Asl3 +3S;
5) 2TmAsS + 12); 5 2Tmlz + 2Asl3 +S;

Table 8
Optimal regimes of monocrystals growing in the Tm-As-S system
. Thermal ef- The iodine .
Compositionmol% fects, K concentration, Time M_onocryst:;ml
3 hours sizes, mm
T: T, mg/sm
TmASS; 950 880 4,0 75 1,9x1,2x1
TmMASsSy 925 845 4,0 72 1,8x1,2x1
TmAS;Ss 1070 | 980 4,5 48 2x2x1

TmsAssSe 1260 | 1200 5,0 65 2x1,5x1
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The source temperature was determined after heating for 2-3
hours under the conditions necessary for a gas-bearing chemical re-
action. A suitable temperature gradient can be achieved within 20-30
minutes. In this case, iodine, chalcogen, and iodide vapors are
formed. The temperature gradient is within 60+90 degrees, and at
this time a crystallization center appears.

The stoichiometric composition of single crystals was deter-
mined by chemical analysis (Table 9).

Table 9
Crystallochemical and physicochemical properties of
compounds formed in the Tm-As-S ternary system

> o Lot t Microhard- | gen-

s 6| 3 attice parameters ness sity

Compound g g é 2 H,. mPa d,
O Hh 2 a b c Z | Proent P g/sm3
TmAS,Sy 1,189 | 1,449 | 0,403 | 4| 4,19 | 4,17 | 1925
TMASSs | o = o | L.155 | 1,350 | 0,356 | 4| 4,43 | 441 | 2215
TmsAssSe | § E| & | 1681 | 2,438 | 0402 | 4| 4,65 | 462 | 2025
TmAsS; | | ¢ [ 1,115 ] 1,194 | 0,403 | 4| 5,09 | 5,06 | 1865
TmAsS 1,112 | 1,187 | 0,401 | 4] 5,12 | 5,09 | 1750

Electrophysical, optical properties and photoconductivity
of glassy alloys and compounds.

For a long time, the study of electrophysical properties of
glassy alloys was considered one of the main issues in determining
the state of glass. One of the important differences between glass and
the crystalline state is that glass is less sensitive to additives, and the
specific conductivity of glass occurs at lower temperatures.

The electrical conductivity of the As,Ssand As.Ses initial com-
pounds and glasses synthesized based on them in the presence of thu-
lium is investigated in the presented dissertation. The synthesis re-
gime of alloys is discussed in detail in the methodical part of the dis-
sertation.

Since arsenic sulfide and selenide are promising semiconductor
materials, the study of their electrophysical properties and alloys (glass-
es) based on them is one of the most urgent tasks. The results of our ex-
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periments show that glassy alloys based on As;Ss and As>Sez have
"p"-type (hole) conductivity, while the obtained new compounds have
"n-type" conductivity.

It was determined that the electrical conductivity of As,Ss is
1.8-10* Ohm™.cm?, and for AszSes it is 2-102° Ohm™.cm™. It has
been established that the band gap for As>Ses is AEg=1.95 eV, and
for AspS3 AEg=2.2 eV.

This chapter also presents the results of the temperature depen-
dence of the electrical conductivity of glasses and compounds syn-
thesized based on As2Szand As2Ses compounds.

Figure 12 shows the dependence curves of As;Sz and glasses
based on it (10%T). As can be seen from the curves, an increase in
the concentration of the thulium in the As>Sz increases the electrical
conductivity of the samples, and a semiconductor nature of the con-
ductivity is observed. The impurity conductivity field for the
v~f(10%/T) curve has not been determined.
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Figure 12. Temperature dependence of the electrical conductivity of
glasses of the As;S3-Tm,S; system
a) 1- As;Ss; 2- 99% As;S3+1% Tm; 3- 98% As:S3+2% Tm; 4- 96%
AS,S3+4% Tm.
b) 1-99,5 As,Ss, 2-98 As,S3, 3-97 As,S3, 4-95 As,S3
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Figure 13. The spectral distribution curve of photoconductivity of
glassy alloys based on AsSe. 1-3 mol% TmSe; 2-5 mol% TmSe; 3-7 mol%
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Figure 14. The spectral distribution curve of photoconductivity of
glassy alloys based on As,Ses. 1-3 mol% TmSe; 2-5 mol% TmSe; 3-7
mol% TmSe; 4-10 mol% TmSe.

The maximum photosensitivity of glasses based on AszSes
compound corresponds to a wavelength of A =0.76 um, and the max-
imum photosensitivity of alloys (glasses) based on AsSe corresponds

to a wavelength of 0.83 pum.
The band gap is ~1.69 eV for As,Ses-based alloys and ~1.494
eV for AsSe-based alloys.
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RESULTS

1. Ternary systems Tm-As-S and Tm-As-Se were investigated by a
complex of physico-chemical analysis methods in the entire range
of concentrations and temperatures along several sections (Tm-
ASS, As-TmS, TmS-As2Ss, TmySs- AS2S3, AS2S3-Tm, AsSS-TmS
Tm-AszSes, AsaSes-TmSe, As>Ses-TmoeSes); glass formation fields
near arsenic chalcogenides and chalcogenides at different cooling
regimes were determined. Compared to sulfur systems, it was
found that the area of glass formation in selenium-containing sys-
tems is larger. The macroscopic properties (Tg, Tc, Tm, d, H,) of
the synthesized glassy alloys are studied and the formation of new
structural units, except for AsSs/2, is shown as their values in-
crease.

2. The kinetics of dissolution and bulk crystallization of sulfide and
selenide glassy alloys were studied and some kinetic parameters
(Cr and Ce¢) were calculated. The crystallization regime of glassy
alloys was determined and isothermal crystallization was carried
out by heat treatment. The photoelectric properties of glassy alloys
synthesized based on arsenic selenides were measured and it was
found that they are sensitive in the visible and near-infrared re-
gions of the spectrum.

3. T-x phase diagrams of several sections in the crystalline state
were constructed and the formation of the TmAsS, TmAs4Sy,
TmMASS3, TMAS2Ss, TmsAssSg, TMAsSe, TmAsSes, TmAS2Ses,
and TmsAssSeg ternary compounds in the Tm-As-S and Tm-As-Se
ternary systems were determined.

4. The mechanism of crystal-chemical formation of new compounds
was studied and the parameters of their elementary lattice were
calculated. It is established that the compounds crystallize in rhom-
bic syngonies similar to antimonite.

5. As a result of electrophysical studies, it was established that glassy
alloys synthesized based on As,Ss, As2Ses, and arsenic monochal-
cogenides (AsS, AsSe) are p-type semiconductors with high re-
sistance. The width of the band gaps and optical zones of glasses
and compounds is calculated.
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6. The acousto-optical properties of glassy alloys synthesized based
on AsSsz were studied, and it was found that they have high acous-
to-optical properties and an Az. Resp. the patent was obtained
(Chalcogenide glass. Patent 1 2021 0446).

7.1t has been established that glassy substances synthesized in the
Tm-As-S and Tm-As-Se ternary systems are resistant to aggressive
environments, resistant to water, organic solvents, hydrochloric
and sulfuric acids, and soluble in HNOs and alkalis. The Kinetics
of dissolution of NaOH in alkali was studied and some Kinetic pa-
rameters were calculated.
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