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Investigation of the glass formation region
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The As,S;-CdSe system was studied using differential thermal, X-ray diffraction, micro-
structure analyses, as well as microhardness and density measurements, and a phase diagram
was constructed. It was established that a new Cd;As,5;5e; compound is formed in the system
which crystallizes in the rhombic syngony with the unit cell parameters: a = 0.618; b = 1,424;
¢=10.782 nm, Z =38, p,,., = 4.95. 103 kg/m?; PxXorgy = 5-04 10® kg/m3. In the As,S;—CdSe sys-
tem, the boundaries of Jltlhe glass region formed on the basis of ASZS3 were determined. It was
revealed that in the mode of slow cooling, the glass formation region on the basis of As,S,
extends to 15 mol. % CdSe, and in the quenching mode in air, it is 20 mol. % CdSe. For the
CdyAs,S;8e; compound, the spectral distribution of the photocurrent is investigated as a
function of the wavelength. The temperature dependence of the electrical conductivity of
glassy alloys with 5, 10, 15, 20 and 25 mol.% CdSe was investigated in the temperature range
of 290—450 K. A nanostructured thin film of Cd;As,S5;5e; compound was obtained by vacuum
deposition, and optical properties were studied. When adding low-resistance alloys with 5, 10,
15, 20 and 25 mol. % CdSe in the composition of the high-resistance compound As,S;, the
electrical conductivity of the alloys increases depending on the composition and temperature.

Keywords: system, chalcogenides, phase diagram, semiconductors, solidus.

Jocaigsxennsa 00JaCTi CKIOYTBOPEHHA Ta ONTHYHHX BJACTHBOCTEeH (Pa3, OTPUMAHHMX Yy
cucremi As,S,-CdSe. I.IAznies, C.AAxmedosa, H.H.Mypcaxyros, H.H.A60yrsade, 1.1.A66acos,
AJI.Baxmiapose, X.M.I'auumos

Busueno cucremy As,S;—CdSe sa momomoror mudepeHITianbHO-TePMIiUHOTO, PEHTIEHO-
IudpaxIifinoro, MiKpOCTPYKTYPHOTO aHAaJisiB, BUMIpIOBaHHSA MIiKPOTBEPZOCTI Ta IIiNIBLHOCTI;
nobypoBano dasoBy piarpamy. BeramoBnemo, 1o y cucTeMi yTBOPIOETHCS HOBA CIIOJIYKa
Cd;As,S;5e,;, sxa Kpucramisyerscss y pombiumiii cumromii s mapameTpamu eJIeMeHTapHoI
xomipku: a = 0,618; b =1424; ¢=0,782 am, Z =3, p,;. = 4,95 103 xr/m3; Ppenm =
5,04-10% xr/m%. V cucremi ASZS3—CdSe Ha ocHOBi AS,S; BusHaueHO Mexi obmacreii ckio-
dopmyBanusa. BusiBieHno, 1o y pesxuMi HOBIIBHOrO OXOJNOMEHHSA 00JaCTh CKIODOPMYBAHHS
Ha ocHOBi As,S; mpocraraersesa go 15 mox. % CdSe, a y pexumi saxamoBanHa y moBiTpi
cxnagae 20 mon. % CdSe. [lns cmomyku Cd;As,S;Se; BUBUeHO cIeKTpaNbHE PO3IOALICHHA
doTocTpyMy 3a JOBKUHOIO XBuJi. [ocrigxeHo TeMIepaTypHY 3aNEKHICTL eJIEKTPOIIPOBigHOCTI
crJIoToi6bHuxX cmiasis 3 5, 10, 15, 20 i 25 mon. % CdSe B imrtepsani temmeparyp 290—450 K.
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HaHOCTI?yRTyI?OBaHy TOHKY 'HJIiBRy CIIOTTYKH Cd3A3283$e3 OTPUMAHO METOZOM BAKYYMHOTO OCaz-
JKeHHs 1 JocHiyKeHo onTHUHiI BiaacTuBocTi. IIpu momaBaHHI HM3BKOOMHUX ciiiaBie 5, 10, 15, 20 Ta
25 mom. % CdSe gmo ckmagy BucoKooMHOI cmomyku As,S;, eleKTpompoBifHicTs cmaBiB
30LIBITTyeTECA B 3aJIeXKHOCTL B CKIIAmy Ta TeMIepaTypu.

Wayuena cucrema As,5;—CdSe ¢ momomurero gudihepeHIINaTIBHOIO TePMUYECKOTO, PEHTTEHO-
IudpPaKIIIOHHOr0, MUKPOCTPYKTYDPHOI'O aHAJNN30B, N3MEPeHNUs MUKPOTBEPAOCTH U ILJIOTHOCTU,
nocrpoeHa dasoBas guarpaMma. ¥CTAHOBJIEHO, YTO B CHUCTeMe o0pasyeTcs HOBOE COeIVHEHUe
Cd;As,8,5€e,, KOTOpoe KpPHCTAIN3YeTCE B POMOIYECKOl CHHTOHMM C IapaMeTPaMH 3JIeMeHTap-
HOll suefiku: a = 0,618; b=1,424; ¢=0,782 uM, Z =3, p,,,, = 4,9510% xr/M%; p,,., =
5,04-10% xr/m3. B cucreme As,5;—CdSe na ocroBe AS,S; ompeseneHs! IPAHUIIBI OGJIACTH CTEK-
J0o6pasoBanysi. BeIABIEHO, UTO B peyKUMe MeIJIeHHOIO OXJIAaKIeHNs O0JIacTh CTeKJI006pasoBa-
HuA Ha ocHOBe AS,S; mpoctupaercss mo 15 mon. % CdSe, B pemume 3aKaiku Ha BO3gyXe
cocraBuger 20 mon. % CdSe. [nsa coemumenusa Cd;As,8,Se; naydueHo cmexTpanbHOe pacmpee-
snenne GOTOTOKA IO AJIUHAM BoJH. TeMmepaTypHas 3aBUCUMOCTD 3JIEKTPOIIPOBOAHOCTHU CTEKJIO06-
pasubIX cmiaBoB b, 10, 15, 20 u 25 mon. % CdSe wuccruefoBana B MHTepBajie TeMIEpPaTyp
290-450 K. HarmocTpyKTypupoBaHHAs TOHKas ILNeHKa coemuHenus Cd;As,S;Se,; momyuena me-
TOAOM BaKyyMHOI'O HAIBLIEHNS, MCCIELOBAHLI €6 oNTHUYecKVe cBoiicTBa. IIpu mobaBiieHuy Hus-
KOOMHEIX cimiaBoB 5, 10, 15, 20 u 25 moa. % CdSe B cocTaB BBEICOKOOMHOIO COEIUHEHNS
As,S;, 2JI€KTPOITPOBOTHOCTE CIIABOB YBEIMYHUBAETCS B 34BUICHMOCTH OT COCTABA I TEMIIEPaTYpEI.

1. Introduction

Chalcogenides of subgroup II, elements
of Zn and Cd, as well as multicomponent
phases based on them are widely used in
optical systems as photosensitive semicon-
ductor material [1-4].

It is known that arsenic chalcogenides
and their alloys are IR-transparent and are
widely used in optical information process-
ing systems [5-9], in particular, in elements
of acousto-optic devices [10-14] and targets
for video codes [15—21]. Therefore, the search
for new vitreous semiconductors based on
As,S3 and As,Se; is a relevant and interest-
ing topic, both in theory and in practice.

The important physicochemical parame-
ters and fields of application of glassy al-
loys obtained in the As,S3;-CdSe system
have been investigated. Previously, we have
investigated some quasi-binary sections of the
quaternary As—-Cd—-S-Se system [22-24].

The aim of this work was to study the
chemical interaction and glass formation in
the As,S;-CdSe system, as well as photoelec-
tric and electrophysical properties of new
semiconducting phases and glassy alloys.

2. Experimental

The alloys of the As,S3-CdSe system
were synthesized from a mixture of As,S;
and CdSe components melted at tempera-
tures from 773 K to 1273 K in quartz am-
poules evacuated to a pressure of 0.133 Pa.
The cooling rate varied from 303 K/h to
333 K/h. The physicochemical analysis of
the As,Se;—CdSe alloys was carried out
both in the glassy and in the crystalline
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states. The interactions in the As,S;—CdSe
system were studied in the concentration
range 0—100 mol. % CdSe.

The phase diagram was constructed from
the data of differential thermal analysis
(DTA), X-ray powder diffraction (XRD), mi-
crostructure analysis (MSA), as well as mi-
crohardness and density measurements.

Temperature curves were recorded using
a Thermoscan-2 low-frequency temperature
recorder at a heating rate of 283 K/min.
Temperature measurements of phase trans-
formations were carried out using combined
chromel-alumel thermocouples. Heating and
cooling of the alloys were carried out in
tubular resistance electric furnaces.

Thermograms were recorded under vac-
uum. The alloys were heated and annealed
in Stepanov’s fired quartz vessels which
were placed in the hole of the steel block.
Al,O3 was used as a reference.

X-ray powder diffraction patterns were
recorded on a D2 PHASER diffractometer
in Cu—Koa radiation. Microhardness was
measured using a Thixomet Smart-Drive mi-
crohardness tester; the loads were selected
for of each phase. The microstructure of
products made from alloys was studied on
an MIM-8 microscope. In the microstructure
analysis, polished sections etched with a 1:1
mixture of concentrated NaOH and H,O,,
were examined under a MIM-8 microscope.
The density of the alloys was determined by
the pycnometric method; toluene was used
as filler.

The electrical conductivity of the alloys
was measured by the standard compensation
method [25] using samples in the form of

Functional materials, 28, 4, 2021
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Fig. 1. X-ray powder diffraction patterns of glassy alloys of the As,Se;—CdSe system before
annealing: 1 — 5; 2 — 15; 3 — 20; 4 — 25 mol. % CdSe (a) and I — 5: 2 — 15 mol. % CdSe

after annealing (b).

Fig. 2. The microstructure of As,S;—CdSe alloys (x840): 10 mol. % CdSe (a — slow cooling, b —
cooling in ice water at 623 K); 50 mol. % CdSe (c).

rectangular parallelepipeds. Experimental
error was 2.7-8.0 % . The optical properties
of the Cd3;As,S3Se; compound were investi-
gated. A nanostructured thin film of the
Cd;As,S5;5e; compound was obtained by
vacuum deposition. To study the optical prop-
erties of the Cd3zAs,S3Se; thin film, a U-5100
spectrophotometer was used. The study of
photoelectric properties of the alloys was car-
ried out by the methods described in [26].

3. Results and discussion

The alloys of the As,S;-CdSe system
were obtained in the form of compact and
glassy materials and had a red color. All the
alloys were stable in air, water and organic
solvents and poorly soluble even in mineral
acids. Rich CdSe alloys are readily soluble
in concentrated mineral acids (HNO3; and
H,SO,). Glassy alloys are well soluble in
alkalis (NaOH and KOH).

For crystallization, glassy alloys were an-
nealed for 720 h at a temperature of their
crystallization (443 K). The alloys of the
As,S53;-CdSe system were investigated be-
fore and after annealing. The results of
DTA before annealing show the softening
temperature T, on thermograms of alloys in
the concentration range of 0-20 mol. %
CdSe. After a long annealing (720 h) on the
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thermograms of these areas, the softening
temperature (443 K) disappears and only
the effects related to the liquidus and soli-
dus remain (Tables 1, 2).

Table 1 shows the softening point 443 K
for glassy alloys. The microstructure of the
As,S;—CdSe alloys in the range of 0-
20 mol. % CdSe before annealing actually
represents one opaque phase.

Glass formation is highly dependent on
the chemical nature of atoms, the nature of
the electron interaction between the compo-
nents, and the characteristics of the short-
range order in the molten state. A necessary
condition for glass formation is the pres-
ence of covalent bonds, both in the solid
state and in the melt. With an increase in
the metallization of the chemical bond,
glass formation decreases.

Measurements of the microhardness of cast
As,S3—CdSe alloys show three different micro-
hardness values in the system (Tables 1, 2).
Before and after annealing, the microhard-
ness in the region differs significantly, while
the crystal regions remain unchanged. Before
annealing, the microhardness of glassy alloys is
Hpy = (1300-1390) MPa, density p = (3.20—
8.86)-10% kg/m3. After annealing, the microhard-
ness of the same alloys is Hu = (660—690) MPa,
density p = (8.40-8.90)-10% kg/m3. To deter-
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Table 1. Composition, DTA results, microhardness and density for alloys of As,5;—CdSe system
(glassy form)

Components, mol. % Thermal Density, Microhardness, MPa
As,S, Cdse effects, K | 10%kg/m? As,S, Cd,As,S,Se, o
P=0.15N

100 0.0 443.583 3.20 1850 - -
97 3.0 443.548.578 3.30 1380 - -
95 5.0 4438.548. 573 3.34 13890 - -
90 10 443.5438.568 3.42 1380 - -
85 15 443.5438.558 3.65 13890 - -
80 20 443.543 3.86 - - -
70 30 443.5438.623 4.10 - 1170 -
60 40 543.683 4.39 - 1170 -
50 50 543.728 4.63 - 1170 -
45 55 543.728,873 4.71 - 1170 -
40 60 543.728.978 4.77 - 1170 -
30 70 728.978.1133 5.03 - 1170 -
25 75 728.1203 5.15 1170 -
20 80 728.1278 5.25 - 1160 970
10 90 728.1403 5.60 - 1160 970
5.0 95 1073.1468 5.71 - - 970
3.0 97 1873.1503 5.76 - - 980
0.0 100 1512 5.80 - - 950

Table 2. Composition, DTA results, microhardness and density for alloys of As,S;—CdSe system
(crystalline form)

Components, mol. % Thermal Density, Microhardness, MPa
As,S, Cdse effects, K | 10%kg/m? As,S, Cd.As,S,Se, o
P=0.10N

100 0.0 583 3.46 660 - -
97 3.0 543.578 3.52 670 - 196
95 5.0 543.573 3.57 690 - -
90 10 543.568 3.68 690 - -
85 15 543.558 3.75 690 - -
80 20 543 3.95 eutectic eutectic -
70 30 543.623 4.17 - - -
60 40 543.683 4.42 - 1170 -
50 50 543.728 4.63 - 1170 -
45 55 543.728.873 4.72 - 1170 -
40 60 543.728.978 4.77 - 1170 -
30 70 728.978.1133 5.03 - 1170 -
25 75 728.1203 5.15 - 1170 -
20 80 728.1278 5.25 - 1170 970
10 90 728.1403 5.60 - 1170 970
5.0 95 1073.1468 5.73 - - 970
3.0 97 1873.1503 5.78 - - 980
0.0 100 1512 5.80 - - 950
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Fig. 3. Phase diagram of the As,S;-CdSe sys-
tem. I — glass region at slow cooling, 2 —
glass region for quenching in the air.

mine the region of glass formation in the
system, X-ray phase analysis was performed
before and after annealing. Before anneal-
ing, in alloys with a concentration of 5, 15,
20, and 25 mol.% CdSe, no strong diffrac-
tion peaks were found (Fig. 1a). Alloys con-
taining 20 and 25 mol. % CdSe, refer to the
glass-crystalline region.

After annealing, strong peaks appear on the
diffraction patterns of these alloys (Fig. 1b).
This means that 5 and 15 mol. % CdSe
glassy alloys after annealing are completely
crystallized. The microstructure of the al-
loys was studied by a microscopic method.
The results of the microstructure analysis
showed that in the concentration range of
0-80 mol. % CdSe, all the obtained alloys
are glassy (Fig. 2). Before annealing, the
microstructure of the alloy under a micro-
scope looks like a dark single-phase. To find
the new phase and the range of solid solu-
tions, alloys with a concentration of 0-
30 mol. % CdSe were annealed at 523 K, and
alloys with a concentration of 30—-100 mol. %
CdSe were annealed at 723 K for 200 h.
After the crystallization of the alloys, micro-
scopic analysis was performed; the micro-
structure of the alloys shows: a) and b) glassy
phases; c¢) two-phase region (Fig. 2).

As a result of the microstructure analy-
sis, a limited region of the solid solution
and one new compound of the Cd3;As,S;Se;
composition were detected.

Based on the results of physicochemical
analysis of the samples, the phase diagram
of the As,S;-CdSe system (Fig. 3) was con-
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Fig. 4. Temperature dependences of electrical
conductivity for glasses in the As,S;-CdSe
system: I — As,8;, 2 — 5, 3 — 10, 4 — 15,
5 — 20, 6 — 25 mol. % CdSe.

structed. The As,S;-CdSe system is a quasi-
binary section of the quaternary system As—
Cd-S-Se. The Cd;As,S;Se; compound was
obtained with the As,S;/CdSe ratio of 1:8.
This compound Cd3As,S3Se; melts incon-
gruently at 728 K.

In the As,S;-CdSe system, solid solu-
tions based on CdSe are formed up to
2 mol.% of As,S3, and solid solutions based
on As,Se; are practically not found. The
liquidus of the As,S;—CdSe system consists
of three phases of primary crystallization:
As,Se;, Cd3As,S;Se; and the a-phase (solid
solutions based on CdSe). At the concentration
interval of 0-75 mol.% CdSe, the two-phase
reg‘ion (A52363 +Cd3A5233Se3) is formed be-
tween the liquidus and solidus curves.

Eutectic points of the As,S;-CdSe sys-
tem have coordinates 543 K and 15 mol.%
CdSe. In Fig. 3 the microstructures of vari-
ous alloys of the system are given.

There is a relationship between the glass
formation and the character of the phase
diagram in the system. This area is located
in the concentration range of 0-15 mol.%
CdSe. Within the concentration range of
0-20 mol.%, the CdSe structure of the al-
loys is determined by the structure of As,S;
glasses. The crystallization ability of the
glasses was investigated as a function of
temperature, time and composition.

It is known that crystallization of the
glass corresponding to the compound occurs
easily in the system, in contrast to the glass
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Fig. 5. Absorption spectrum of a thin film of
the Cd;As,5;5e5 compound.

of the eutectic composition. There is no de-
tailed information in literature about it.
This is mainly due to the fact that the tem-
perature of the eutectic composition is very
close to the softening point. Therefore, at
the slightest deviation of the temperature,
glass crystallization does not occur. With
the introduction of the second component
CdSe into the As,Se; glass, small crystals
form and the glass crystallizes easily. The
formation of a metal bond adversely affects
the formation of glass. The identification of
the Cd3As,S;Se; compound was confirmed
by DTA, XRD, density determination, and
measurement of microhardness.

It was established that the maxima ob-
tained on diffraction patterns of the
Cd;As,S55e; compound differ in intensity
and interplanar spacing from the initial
components. This proves the formation of a
new compound Cd3A5283se3 in the A52S3—
CdSe system. By the results of X-ray pow-
der diffraction analysis, it was found that
the Cd3;As,S3;Se; compound crystallizes in
orthorhombic crystal system with unit cell
parameters: a = 0.618; b=1.424; c¢=
0.782 nm, Z =3, ppye, = 4.95-10% kg/m?3;
Px.ray = 9,0410% kg/m3. The interplanar
spacings (d, A), hkl indices and relative
peak intensities in the XRD pattern of the
F,Cd;As,538e; compound are presented in
Table 3.

The electrical conductivity of glasses of
the As,S3;—-CdSe system was studied in the
temperature range 290-450 K (Fig. 4). The
samples were parallelepiped-shaped. Accord-
ing to our data, electrical conductivity of
As,Ss at room temperature is 2:10710 Om™!-m™1,
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Fig. 6. Nanosized thin film of the
Cd;As,8,5e, compound.

Table 8. Interplanar spacings (d, A), hEl
indices, and relative peak intensities in the
Cd;As,8,Se; XRD pattern

Intensity dexp dopie hkl
33 6.1802 6.1780 100
61 4.8425 4.8507 101
54 3.5542 3.5601 040
82 3.2974 3.3041 102
48 3.0880 3.0905 200
7 2.7968 2.7968 050
20 2.7086 2.7116 182
11 2.6733 2.6764 051
39 2.6077 2.6064 003
11 2.3678 2.8735 060
100 2.0602 2.0602 300
70 1.8908 1.8854 024
8 1.7630 1.7658 322
8 1.7398 1.7387 243
7 1.5683 1.5640 005
7 1.4301 1.4319 045
5 1.8824 1.3862 291
4 1.8561 1.8581 450

and the band gap is 2.0 eV, which agrees
with the literature data. The temperature
dependences of the electrical conductivity of
alloys containing 5, 10 and 15 mol % CdSe
are linear. The alloys containing 20+25 mol.
% CdSe belong to glass-crystalline regions.
The temperature dependence of the electri-
cal conductivity of the samples with 5, 10,
15, 20 and 25 mol. % CdSe in the composi-
tion shows that the electrical conductivity
increases with the addition of the second
component; this appears due to an increase
in the metallization of the chemical bond.
With increasing temperature, the conduc-
tivity of the studied glasses increases sig-
nificantly.

Functional materials, 28, 4, 2021
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Fig. 7. Photocurrent dependence (ohv)? on
hv for a thin Cd;As,5;8e; film.

The electrical conductivity results for
glasses of the As,S;—CdSe system containing
5, 10, 15, 20 and 25 mol.% CdSe in the
temperature range 290-450 K are shown in
Fig. 4.

Temperature dependence of the electrical
conductivity shows that in the As,S5;-CdSe
system, glassy alloys in all temperature
ranges have semiconductor conductivity. As
can be seen from the graph (Fig. 4), the
resistance of alloys containing 5, 10, 15,
20, and 25 % CdSe increases depending on
the composition and temperature.

The optical properties of the Cd;As,S;Se;
compound were studied. The nanostructured
thin film of the Cd3;As,S;Se; compound was
obtained by vacuum deposition. To study the
optical properties of a thin film of the
Cd3As,535e; compound, a spectrophotometer
U-5100 was used.

Fig. 5 shows the absorption spectrum of
a thin Cd3;As,S;Se; film. As is known, for
the semiconductor state, the direct transi-
tion is expressed by the formula [27]

_1 1/2
a—m(hV—Eg) .

where o is the absorption coefficient, hv is
the energy of a photon, E, is the semicon-
ductor band gap.

Fig. 6 illustrates nanosized thin films of
the Cd;As,S;Se; compound. To determine
the band gap, on the basis of the data ob-
tained, the dependence of (ahv)2 versus hv
for the photocurrent was plotted; and the
band gap for the Cd3As,S;Se; thin film was
determined by linear extrapolation of the
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Fig. 8. Spectral distribution of the photocur-
rent of the Cd;As,S;5e5 film.

linear section to the intersection with the
abscissa axis within E, = 2.16 eV (Fig. 7).
Fig. 8 shows the spectral distribution of the
photocurrent of the Cd;As,S;Se3 compound.

4. Conclusions

The phase diagram of the As,5;-CdSe
system was plotted. It has been established
that the section is a quasibinary cross-sec-
tion of the quaternary As—Cd-S-Se system.
At the ratio of the components 1:3 one qua-
ternary compound of the Cd;As,S;Se; com-
position was found in the system, which
melts incongruently at 728 K and crystal-
lizes in the rhombic system with the unit
cell parameters: a = 0.618; b =1.424; ¢ =
0.782 nm, Z =3, Py, = 4.95-10% kg/m?3;
Px-ray. = 9-04-10% kg/m3. The temperature
dependence of the electrical conductivity of
glassy alloys was studied. The temperature
dependence of the electrical conductivity of
glassy samples shows that the electrical con-
ductivity increases with the addition of the
second component; this is due to an increase
in the metallization of the chemical bond.
With increasing temperature, the conduc-
tivity of the glasses increases significantly.
The photoelectric properties of the
Cd3As,S;5e; compound were investigated as
a function of the wavelengths of light in
the range of 0.4-1 nm. The resulting mate-
rial can be used as a photo-resistor in opti-
cal instruments.
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