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Abstract

The nature of chemical interaction in the Dy-As-Se ternary system was examined across
As:Ses-Dy, AsxSes-DySe, AszSes-Dy.Ses sections using comprehensive set of
physicochemical analysis techniques. These included differential thermal analysis (DTA), X-
ray powder diffraction (XRD), microstructural analysis (MSA), microhardness measurement
and density determination. The boundaries of glass-forming regions in the systems were
determined at different cooling rates: specifically quenching in air and in ice water.

The observed increase in macroscopic properties suggest the formation of of new
structural units in glassy state, in additional to the trigonal AsSezs structural unit AsySes
characteristic of the glass network. Formation of new structural units within the glassy phase.
In the studied sections based on the glass-forming compound, a region of homogeneity was
identified. Furthermore, an optimal synthesis regime for preparation of dysprosium-
containing chalcogenide glasses was determined.

Keywords: phase diagram, ternary system, glasses, semiconductors.
PACS numbers: 64.70.P, 74.81.Bd, 81.30.Bx

Received: Revised: Accepted: Published:
29 June 2025 17 August 2025 10 December 2025 30 December 2025

1. Introduction

Chalcogenide based materials are widely investigated due to various attractive
properties applicable in broad range of areas. Depending on the elemental composition and
synthesis condition, these types of materials obtained in different structural forms, such as
layered, glassy etc. [1-9] Among them, chalcogenide glassy substances derived from glass-
forming compounds, particularly arsenic sulfides and selenides, are promising materials for
electronic and optoelectronic applications.

The development of novel synthesis strategies for multifunctional materials remains a
key challenge in contemporary inorganic chemistry [10-15].

Binary and ternary rare-earth elements (REE) chalcogenides exhibit a range of
distinctive physicochemical properties, enabling their use in advance technological fields,
including semiconductor devices, ferro- and antiferromagnetic systems [16-23].

In addition, these materials are employed in the fabrication of specialized glasses for
nuclear engineering, such as luminescent materials [24-26].

Chalcogenide glasses exhibit low optical losses over a broad spectral range from 0.5 to
0.20 um with the exact transmission window depending on the glass composition. Optical
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fibers fabricated from REE doped chalcogenide glasses, where REEs belong to group 3 in the
periodic table, are widely used in the development of infrared (IR) lasers, optical amplifiers,
and broadband radiation sources. Despite expensive investigations of REE luminescence in
various chalcogenide glass matrices in the mid-IR region, the influence of activator ions on
the optical properties of doped chalcogenide glasses near the fundamental absorption band
edge remains insufficient understood. For chalcogenide glasses, this spectral region
corresponds to wavelengths of approximately 0.8-2 umin the near IR range.

Notably, this region also encompasses the absorption band of REE ions commonly
employed for luminescence excitation using available laser sources. Previous studied have
shown that, in dysprosium-doped glasses, the optical response in the weak-absorption region
is governed not only by glass matrix but also by electric transitions between energy levels of
Dy®* ions. Moreover, energy transfer between rare-earth ions and localized states within the
glass band gap may result in luminescence quenching, which must be considered in the design
of laser devices based on these materials [13-15].

Nevertheless, the practical development of chalcogenide glasses remains challenging, as
their infrared efficiency often does not meet the requirement for device applications.
Therefore, the aim of this study is to develop an optimized synthesis approach for arsenic
selenide-based chalcogenide glasses doped with dysprosium ions.

Incorporation of REEs into chalcogenide glass matrices enhances the ionic character of
chemical bonding, which in turn reduces the glass forming region.

In this study, systems containing arsenic and dysprosium selenides were investigated to
advance fundamental understanding of structure-properties relationships in chalcogenide
materials.

2. Experimental

Chemicals and materials

The Dy-As-Se system was studied along various sections. The alloys were synthesized
from high- purity elemntal components: dysprosium (Dy, grade Al); arsenic (As, grade B5);
and selenium (Se, grade B4).

Synthesis of the alloy system was performed in rotary furnaces using a stepwise heating
protocol. The samples were initially held at 750K for 10-12 hours, after which the
temperature was increased to 1050 K and maintained for 2 hours to ensure homogenization.
Subsequently, the furnace was cooled at a controlled rate of 10 K-min™.

Characterization methods

The synthesized alloys were characterized using a combination of physicochemical
analysis techniques. Differential thermal analysis (DTA) was conducted using Kurnakov
pyrometer and a Termoskan-2 instrument. DTA measurements were performed up to 1000 K
using a chromel-alumel thermocouple.

X-ray powder diffraction (XRD) pattern were recorded on a diffractometer, on a D-2
PHASER diffractometer employing CuKg, radiation with a Ni filter

For microstructural analysis (MSA), the samples were etchant using a mixture of
concentrated HNO3z and H20; in a 1:1 volume ratio with an etching duration of 15-20 s. The
etched surfaces of samples were examined by optical microscopy using a MIN-8 and MIM-7
microscope on polished sections prepared with GOI paste.

The microhardness of the glassy alloys was measured using a PMT-3 microhardness
tester under applied loads of 15 and 20 g, depending on composition. The measurement
uncertainty ranged from 2.2 to 4.3%.

The density of the alloys was determined by the pycnometer, with toluene used as the
immersion liquid.
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3. Results and discussion

The alloys of the Dy-As-Se system synthesized along As;Ses-Dy, As;Ses-DySe,

As,Ses-Dy,Ses sections were systematically investigated.

The AszSes-Dy system. The compositions of alloys studied in the As,Ses-Dy section

and some of their physicochemical properties are summarized in table 1.

Composition, at. % Thermal effects Microhardness | Density, Results of
Hy, MPa g/lcm® microstructural
analysis
AszSes Dy Tq Ter Tm
100 0 180 - 380 1228 4,50 Single-turbid phase
97 3 190 258 385 1350 4,60 Single-turbid phase
95 5 195 265 369 1360 4,80 Single-turbid phase
93 7 195 270 375 1365 4,85 Single-turbid phase
90 10 205 280 365 1370 4,90 Single-turbid phase

Table 1. Compositions and some physicochemical properties of alloys of the As,Ses-Dy system

The synthesized glassy alloys are soluble in concentrated nitric acid and in alkaline

(cooling

rate 10 K/min)

solutions (NaOH and KOH), but are insoluble in organic solvents and water.

Microscopic examination revealed no crystalline inclusions. Consistent with these
observations, X-ray phase analysis show no distinct diffraction peaks inherent to crystalline
substances. Differential thermal analysis thermograms of alloys containing up to 7 at.% Dy

are shown in figure 1.

intensity (counts)

Three thermal effects were found on the thermograms of alloys of the As,;Ses-Dy

system.

Tg - glass formation temperature, Tcr- crystallization temperature, Tm- melting

temperature.
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Figure 1. XRD results of alloys of the system As,Ses-Dyb 1- As;Ses 2-3 at.% Dy, 3-7 at.% Dy
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Figure 2. Thermogram of the alloy containing 7 at.% Dy
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Based on the DTA results, a microstructural diagram of the As,Ses-Dy system was
constructed, figure 3.
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Figure 3. Microstructural diagram of the As,Ses-Dy system

As follow from the diagram, the homogeneity region based on As>Sez expends up to 1,5
at.% Dy at room temperature. Microstructural analysis was performed using an etchant
composed of NaOH and C>HsOH in a 1:1 volume ratio.

The synthesis of alloys in this system was conducted following the same procedure as
that used for the As;Se -Dy system. After synthesis, the alloys were cooled at a rate of 10 u
102 K/min. Two areas of glass formation were identified along this section. It was established
that the glass -forming regions of in this system upon cooling at a rate of 10 K/min and 102
K/min extend to 7 and 15 at. % Dy, respectively.

The As2Ses-DySe system. Based on the data obtained by combination of
physicochemical analysis techniques, a Microstructural diagram of the As;Ses-DySe system
(figure 4) was constructed following crystallization of the alloys.

T.K

675 1

375

1754+ @ o+ DySe
375 10 K/min 107 K/min
10 20 30 DySe

mol/% DySe

Figure 4. Microstructural diagram of the As,Ses-DySe system

The homogeneity region based on As»Ses extends to 2 mol.% DySe at room
temperature. It was established that upon cooling at a rate of 10 K/min and 10? K/min the
glass-forming region in the system expands to 10 and 20 mol. % DySe, respectively.
Complete crystallization of glassy alloys was confirmed by microstructural analysis and X-
ray diffraction. As evident from the phase diagram, an increase in DySe content leads to a
corresponding enhancement of macroscopic properties (table 2).
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Ne Composition, mol.% Thermal effects Microhardness Density,
MPa g/lcm®
As2Ses DySe Ty Ter Tm
1 100 0 180 - 380 1300 4,52
2 99 1 185 250 380 1340 4,54
3 97 3 180 220 375 1350 4,58
4 95 5 185 225 375 1350 4,60
5 90 10 190 230 370 1380 4,65
6 80 20 200 240 360 1410 4,80

Table 2. Compositions and some physicochemical properties of alloys of the As,Ses-Dy,Se; system
(cooling rate 10 K/min)

The AszSes-Dy2Ses system. Investigation of the alloys in this system revealed the
formation of glassy phase. The extent of the glass-forming region was found to depend
strongly on the cooling rate: at 10 K/min the glass-forming region is relatively narrow,
whereas increasing the cooling rates to 10? K/min leads to significant expansion of this
region. Specifically, the glass-forming region extends to 12 and 25 mol. % Dy.Sez at cooling
at a rate of 10 K/min and 10? K/min, respectively.

Following crystallization of the alloys, a microphase diagram of the As;Ses-Dy»Ses
system was constructed (figure 5).
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Figure 5. Microstructural diagram of the As;Ses-Dy.Se; system

Ne Composition, mol.% Thermal effects of heating Microhardness Density,
MPa g/cm?
AszSes Dy2Ses Ty Ter Tm
1 100 0 450 - 650 1300 4,58
2 99 1 455 520 640 1350 4,65
3 97 3 466 525 635 1380 4,68
4 95 5 474 530 630 1420 4,75
5 93 7 480 545 635 1450 4,81
6 90 10 485 555 640 1475 5,10
7 85 15 490 560 650 1495 5,15

Table 3. Compositions and some physicochemical properties of alloys of the As,Ses-Dy,Ses system
(cooling rate 10 K/min)
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The homogeneity region based on As;Ses reaches to 2.3 mol.% Dy,Ses at room
temperature. Table 3 shows the results of the physicochemical analysis of the alloys of the
AszSes-Dy,Ses system.

The introduction of up to 15 mol.% Dy-Ses into the As;Sesz composition results in the
formation of glassy alloys.

The chemical interaction can be represented by the preferential reactions of selenium
with dysprosium, followed by its interaction with arsenic. This conclusion is supported by
estimates of the binding energy and by the relative magnitude of the standard Gibbs free
energies.

Analysis of the macroscopic properties, including the glass transition temperature (Tg),
density (d), and microhardness (Hp) indicates that in addition to trigonal AspSes structural
units, new tetragonal structural units are formed in the resulting glassy samples

Se 'SIL
|
Se — As---—S:—:m—I?y— Sc
|
Se Se

4. Conclusion

The results of our studies demonstrate that the glass-forming region is governed by the
extent of the arsenic triselenide phase, indicating that the intrinsic nature of the constituent
substance plays a critical role in glass formation.

An optimal synthesis regime was established for As>Ses based glasses incorporating the
rare earth element dysprosium Dy in the form of Dy, DySe, Dy.Ses.

Analysis of the experimental data, including observed increase in macroscopic
properties, suggests the formation of additional new structural units involving Dy, alongside
the trigonal AsSes;2 structural units.

In the studied sections based on the glass-forming compound, a region of homogeneity
was identified, which expands in the sequence Dy — DySe — Dy»Ses.

On the basis of differential thermal analysis, X-ray diffraction results, microstructural
diagrams of the As;Ses-Dy, As,Ses-DySe, AsSes-Dy2Ses systems were constructed.
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