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Abstract Thermal properties and structure of bulk glas-

ses of (As2S3)1-x(Sb4S4)x system (x varies from 0 to

60 mol%) were studied by differential scanning calorime-

try and Raman spectroscopy. It was found that with

increasing Sb content the glasses can be sorted out to the

three groups. The structure of glasses with x B 10 is build-

up mainly from AsS3/2 pyramidal units and the well-known

crystallization resistance of As2S3 can explain the reluc-

tance of these undercooled liquids against crystallization.

In glasses with a higher content of antimony, i.e.,

10 \ x B 30 mol%, the vibration characteristics of As4S4

clusters appear. Undercooled melts of these glasses crys-

tallize forming both b-As4S4 and high-temperature phases

of Sb2S3. Structure of glasses with the highest antimony

content (x [ 30 mol%) is based on SbS3/2 structural units

significantly lowering stability of their undercooled melts

from which only Sb2S3 crystallizes.
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Introduction

Chalcogenide glasses of various compositions have been

intensively studied for many years due to the wide range of

their technological applications. Amorphous selenium is

useful in photovoltaic and solar cells, as a rectifier, in

xerography and photography, the production of colored

glass and enamels. Binary chalcogenide glassy systems

such as As–S/Se, Ge–S/Se, Sb–S/Se, can be used as IR

detectors, optical switches, and in particular as a rewritable

recording medium based on the transformation of amor-

phous–crystalline phase [1–3].

One of the most extensively studied binary chalcogenide

glasses is arsenic trisulfide mainly because of its excellent

glass-forming ability and wide infrared transmission. On

the other hand, although the arsenic and antimony

belonging to the same group of the periodic system, the

preparation of glassy Sb2S3 is very difficult and requires

high cooling rates [4]. It has been shown that basic struc-

tural units of glassy As2S3 and Sb2S3 are the trigonal

pyramids MS3/2 (M = As or Sb) bonded to each other by S

atom [5–7]. In order to improve or modify appropriately

the desired properties of these materials, the ternary-mixed

As2S3–Sb2S3 system has been extensively studied during

the last decades [8–10].

The proper description of thermal behavior of these

glasses is important for understanding of their properties

and subsequent applications.

To study the role of elements of V. group on thermal

properties and stability, the influence of changing Sb/As

molar ratio of glassy system (As2S3)100-x(Sb4S4)x (x = 0,

5, 10, 20, 30, 40, 50, and 60 mol%; Sb/As: 0–2.99) was

used.

Thermal properties have been studied using conven-

tional differential scanning calorimetry (DSC) and
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StepScan DSC, some other information about the structure

was obtained by Raman spectroscopy and XRD analysis.

Experimental

The glasses with composition (As2S3)100-x(Sb4S4)x (x = 0,

5, 10, 20, 30, 40, 50, and 60 mol%) were prepared in

conventional manner by direct synthesis from the 5 N

purity elements. Synthesis was carried out in evacuated

quartz ampoules in a horizontal rocking tube furnace at

850 �C. During the synthesis, the melt was homogenized

for 24 h. The glass was then obtained by the melt

quenching in cold water. Both the homogeneity and the

composition were assessed using an X-ray fluorescence (l-

XRF) EAGLE II (Roentgen Messtechnik AG) analyzer, the

changes in composition were found less than 1 %, i.e.,

within experimental error.

The DSC measurements were carried out in the tem-

perature range 150–350 �C using Pyris 1 calorimeter

(Perkin-Elmer). Crude-crushed glassy samples (approx.

10 mg) were encapsulated into sealed aluminum pans.

Empty pan was used for baseline run. Instrument was

carefully both temperature and enthalpy calibrated with the

help of In and Zn standards, measurements were carried out

in nitrogen atmosphere. For conventional measurement, the

heating rate was 10 �C min-1. To obtain values of glass

transition temperature, Tg, and the change of isobaric

specific heat capacity at glass transition, DCp, independent

on experimental conditions (especially on heating or

cooling rate) and thermal history of glass, the StepScan

DSC (Perkin-Elmer) was used, for details on StepScan

DSC, see, e.g., [11]. The sample sealed in an aluminum

crucible was measured in the temperature range

100–250 �C, with temperature step of 1 �C and the heating

rate 10 �C min-1 in the temperature step. Maximum per-

missible differential heat flow at the end of the isotherm

was DQ = ±0.0001 mW.

Raman spectra were measured on a FT-IR spectrometer

IFS 55 with FRA 106 Raman attachment (both Bruker).

Nd:YAG laser (1,064 nm) with power 100 mW was used

for excitation and Raman scattering were detected bu Ge

detector cooled by liquid nitrogen. Spectra were recorded

with resolution 2 cm-1 and 250 scans were averaged.

XRD structural analysis of powder samples was per-

formed by D8-Advance (Bruker) diffractometer, 40 kV,

30 mA Cu Ka spectral line, and graphite monochromator.

Results and discussion

Bulk glasses were checked by XRD and the absence of

crystalline phase was confirmed. The basic thermal

properties of samples were determined by both conven-

tional and StepScan DSC methods. Conventional DSC

scans are shown in Fig. 1. Only one glass transition tem-

perature, Tg, was found for each glassy sample therefore

one can conclude that the glasses are not phase separated;

for the compositional dependence of Tg, see Fig. 2.

DSC results sorted out the glasses into three groups: (1)

x = 0–10, (2) x = 20–30, and (3) x = 40–60.

The antimony content in glasses of the first group

(x = 0–10 mol% Sb4S4; Sb/As: 0–0.222) is relatively low

and undercooled melts are stable—no crystallization was

found, Fig. 1. Therefore, antimony content influences
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Fig. 1 Conventional DSC scans of (As2S3)100-x(Sb4S4)x glasses

(heating rate q = 10 K min-1)
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Fig. 2 The compositional dependence of glass transition tempera-

ture, Tg, obtained by the conventional DSC (filled squares) and

StepScan DSC (circles). Curves are only guides for eyes
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thermal properties only a little, the glass transition tem-

perature remains practically unchanged and tightly close to

this one of As2S3, see Fig. 2. According to the Raman

spectra, the structure is mainly based on AsS3/2 units and

well-known resistance of As2S3 to crystallization [12]

explains excellent thermal stability of these undercooled

liquids.

The influence of antimony on the glass structure mani-

fests itself in the second group (20–30 mol% Sb4S4, Sb/As:

0.511–0.857). Glass transition temperature increases with

increasing Sb content and both exo- and endothermic

changes are also observed on DSC scans, see Fig. 1. Using

database PDF-4?, v. 2013, the analysis of XRD patterns,

Fig. 3, revealed that the first exothermic DSC peak corre-

sponds to crystallization of high-temperature form of As4S4

(b-realgar, JCPDS no. 00-0510781), which is stable above

266 �C. The following endothermic peak can be explained

by the decomposition of b-As4S4 into As2S3 and melt in

accordance with the phase diagram of As–S system [13].

The second exothermic peak corresponds to the crystalli-

zation of Sb2S3 (stibnite, JCPDS no. 00-042-1393) as it

was confirmed by XRD. All crystalline phases were also

confirmed by Raman spectroscopy.

Tg of glasses belonging to the third group (x =

40–60 mol%, Sb/As: 1.33–2.99) increases furthermore with

increasing Sb content. XRD analysis confirmed that only

Sb2S3 crystallized from undercooled melts, Fig. 3. X-ray

record was compared with the database and two orthorhombic

Sb2S3 modifications were identified, differing each to other by

cell size—a1 = 11.31070 Å, b1 = 3.83630 Å, c1 =

11.22850 Å (JCPDS no. 01-073-0393); a2 = 11.23900 Å, b2 =

11.31300 Å, and c2 = 3.84110 Å (JCPDS no. 00-042-1393).

This finding corresponds well with double-crystallization

peak, which can be seen on the DSC.

Basic structural information was obtained by Raman

spectroscopy. The characteristic feature of spectra is a wide

band in the spectral range 250–400 cm-1, Fig. 4. With

increasing antimony content, the maximum of this band

shifts from 344 cm-1 typical for As–S vibration in AsS3/2

pyramids [6, 14] to *300 cm-1 characteristic for Sb–S

vibration in SbS3/2 pyramids [15]. Moreover, the sharp

compositionally independent bands at 165, 185, 224, 359,

and 381 cm-1, indicating the presence of As4S4 molecular

clusters (b-realgar) [16, 17], are clearly seen in the spectra

of the second group of glasses, but they are partly visible

already in the spectra of the first group. The content of

As4S4 clusters reached the maximum for x = 20 and the

vibrational band at 275 cm-1 simultaneously appears cor-

responding to the characteristic vibration of the As4S3

molecular clusters [18], its intensity increases and for

x = 40 reached the maximum while at same composition

b-realgar is not already detectable in the spectrum. In the

glasses with the highest content of antimony (x = 50, 60),

the relatively broad band at 205 cm-1 appears and its

intensity increases with increasing antimony content. From

this we can conclude that this band can be associated with

the Sb–S vibration.

From the analysis of Raman spectra, it follows that

besides basic structural units, i.e., trigonal pyramids AsS3/2

and SbS3/2, molecular clusters b-As4S4 and As4S3 also play

significant structural role.

It turned out that in the case of crystallization of un-

dercooled melts, the ratio Sb/As is crucial. Sulfur is

probably tightly bound to antimony which leads to a
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Fig. 3 The XRD patterns of (As2S3)70(Sb4S4)30 crystallized at

temperature 270 �C (a) and 330 �C (b) and of (As2S3)40(Sb4S4)60

crystallized at temperature 330 �C (c). For details, see text
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Fig. 4 Raman spectra of (As2S3)100-x(Sb4S4)x glassy system; vibra-

tional bands of As4S4 are marked by asterisk
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deficiency of sulfur bound to arsenic. This deficit results in

the formation of stable As4S4 and As4S3 clusters.

Conclusions

Thermal properties of the (As2S3)100-x(Sb4S4)x bulk glas-

ses (x = 0, 5, 10, 20, 30, 40, 50, and 60 mol%) were

studied by differential scanning calorimetry, the structure

of glasses was investigated by Raman spectroscopy and

products of crystallization of undercooled melts were

characterized using XRD.

It was found that with increasing antimony content the

studied glasses can be divided into three groups differing in

their thermal properties and structure.

It is worthy to point out that the glassy system under

study is sulfur understoichiometric related to As(III) and

Sb(III) stable oxidation state. It was found that contrary to

wider spectrum of possible arsenic compounds, antimony

is able to form only SbS3/2 pyramids and so understoichi-

ometry of sulfur has to be compensated by stable arsenic

molecular clusters As4S4 and As4S3. This in turn reduces

homogeneity of glasses and thermal stability of their un-

dercooled melts for approx. x [ 20. Thus, the Sb/As ratio

is the key feature, and it was found that glasses are

homogeneous and stable only for Sb/As less than 0.5, i.e.,

for x \ 20.
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