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Ag–As–Sb–S semiconductor glasses with an As to Sb ratio of 1:3 and silver content up to 8 % 
were prepared by high-temperature synthesis. As follows from XRD and micro-Raman measure-
ments, the synthesized samples are amorphous (As10Sb30S60 and Ag2As10Sb40S58) with about 
50 nm Sb2S3 crystallites or completely amorphous (Ag4As10Sb40S56 and Ag8As10Sb40S52). Ra-
man spectra measured at an increased laser power density (40 kW/cm2) show the formation of 
crystallites of elemental Sb and Sb2O3 in the laser spot on the sample surface due to its heating 
by the tightly focused laser light and interaction with oxygen present in the ambient air or ad-
sorbed on the surface. Spectral dependences of the refractive index and extinction coefficient of 
the Ag–As–Sb–S glasses were obtained from spectroscopic ellipsometry data, based on which the 
optical bandgap values were determined and other characteristic parameters of the Ag–As–Sb–S 
glasses were evaluated using the Wemple–DiDomenico model.

Keywords: chalcogenide glasses, X-ray diffraction, Raman spectroscopy, crystallization, oxi-
dation, spectroscopic ellipsometry.

Дослідження четвірних склоподібних матеріалів Ag–As–Sb–S методами 
рентгенівської дифрактометрії, раманівської спектроскопії та спектроскопічної 
еліпсометрії. Ю. Ажнюк, В. Кришеник, А. Погодін, М, Філеп, М, Поп, В. Лопушанський, 
 І. Войнарович, О. В. Гомоннай

Склоподібні напівпровіднки Ag–As–Sb–S зі співвідношенням вмісту As:Sb 1:3 та вмістом 
срібла до 8 % було отримано синтезом при високій температурі. За даними вимірювань 
рентгенівської дифрактометрії та мікрораманівської спектроскопії, синтезовані зразки 
є аморфними (As10Sb30S60 і Ag2As10Sb40S58) з включеннями кристалітів Sb2S3 розміром 
близько 50 нм  або повністю аморфними (Ag4As10Sb40S56 і Ag8As10Sb40S52). Раманівські 
спектри, виміряні при підвищеній густині потужності лазера (40 кВт/см2), вказують на 
формування кристалітів елементного Sb та Sb2O3 у місці падіння лазерного пучка на 
поверхні зразка внаслідок її нагрівання сильно сфокусованим лазерним випромінюванням 
і взаємодії з киснем, наявним у атмосфері або адсорбованим на поверхні.
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1. Introduction
Chalcogenide glasses are known for their 

various photo-stimulated effects as well as high 
refractive index values, low phonon density of 
states, high nonlinear optical parameters, no-
ticeable ionic mobility and diffusivity [1–6]. 
They are promising for use in optics and pho-
tonics, for imaging and information recording, 
data storage, infrared and nonlinear optics, ho-
lography and microlithography, for the fabrica-
tion of high-bitrate waveguides and optical res-
onators, electronic memristors, electrochemical 
sensors, and electrochromic displays [1, 2, 7].

Preparation of amorphous antimony chal-
cogenides, in particular sulfides, transparent 
in the infrared range of the spectrum is not  
always a simple task. Studies of bulk antimony-
sulfur glasses, in most cases Sb2S3, are quite 
rare due to the difficulties of their production, 
which require, in particular, very high cooling 
rates of the melt [8, 9]. In contrast, amorphous 
Sb2S3 films can be obtained quite easily by 
thermal evaporation [10, 11], chemical bath de-
position [12, 13], radio frequency (RF) magne-
tron sputtering [14–16] and other techniques. 
These amorphous films can be transformed to 
polycrystalline ones by annealing [12–18] or  
irradiation by femtosecond [19] or more dura-
ble (milliseconds to seconds) [16] laser pulses. 
Since reverse switching from the polycrys-
talline to the amorphous phase can also be 
achieved [16], such compounds form a class of 
so-called optical phase-change materials which 
are known as promising for high-performance 
nonvolatile photonics [16, 20–22]. A specific 
feature of Sb2S3 films is that they have very 
low extinction coefficient both in amorphous 
and polycrystalline states [16, 20]. Studies of 
such phase transformations are important for 
achieving high optical recording density, du-
rability and reliability of non-volatile memory 
[23, 24].

Introduction of arsenic in Sb2S3-based mate-
rials noticeably increases their ability of glass-
forming [25]. In a recent study, bulk As–Sb–S 
glasses with As-to-Sb ratio as low as 10:90 were 
prepared [26].

The high flexibility of the structure of amor-
phous chalcogenides due to the nature of their 
chemical bonds enables fine tuning of optical 
and electrical characteristics of these materials 
in a wide range not only by variation of chemical 
composition, but also by introduction of transi-
tion metals (e.g. Cu, Ag, Au) [4, 27]. The pres-
ence of transition metal atoms brings additional 

compositional and configurational disorder into 
the glass network as well as broadens the glass-
forming region. Introduction of silver in various 
chalcogenide glasses noticeably reduces the glass 
transition temperature that is important for ap-
plications [28, 29]. Due to high ionic mobility and 
diffusivity, glasses doped with transition metals 
are studied from the point of view of their possible 
application in solid-state ionics [4, 27, 30, 31]. For 
Ag–As–S glasses, ionic conductivity can become 
dominating due to Ag+ ion diffusion, increasing 
the total electric conductivity by three to four or-
ders of magnitude [4, 27]. Considerable polariza-
tion and relatively large radius of S−2 ions facili-
tate ionic diffusion and high conductivity of these 
glasses at room temperature [32].

High level of ionic migration can be favorable 
for considerable modulation of optical transmis-
sion, scattering and absorption of transition-
metal doped (modified) chalcogenide glasses or 
amorphous films [4, 27, 30]. When metal-doped 
amorphous chalcogenides exhibit mixed (ionic 
and electronic) conductivity, the dynamic mobil-
ity of ions is enhanced by electronic excitation. 
This determines promising thermoelectric prop-
erties of chalcogenide glasses suitable for effi-
cient solid-state thermoelectric generators [33].

Here we present the results of our study 
of Ag–As–Sb–S glasses by X-ray diffraction 
(XRD), micro-Raman spectroscopy, and spec-
troscopic ellipsometry.

2. Experimental
Samples of As10Sb30S60 (As2S3–3Sb2S3), 

Ag2As10Sb30S58 (0.2Ag2Sx–As2S3–3Sb2S3-x), 
Ag4As10Sb30S56 (0.4Ag2Sx–As2S3–3Sb2S3-x), 
and Ag8As10Sb30S52 (0.8Ag2Sx–As2S3–3Sb2S3-x) 
were synthesized from extra purified elemental 
components Sb (99.999%), S (99.9995%), Ag 
(not less than 99.95%) as well as pre-synthe-
sized As2S3 glass (similarly to our previous 
study [34]) in evacuated quartz ampoules. Col-
loidal silver was obtained by reduction of AgCl 
by hydrazine (N2H6Cl2) [34]. Ampoules with 
initial components with desired stoichiometric 
ratios were heated up to 600 ºC at a rate 50 
K/h and kept at this temperature for 24 h with 
constant stirring to ensure a chemical reac-
tion between the components and homogeneity 
of the melt. Afterwards the melts were cooled 
down to ambient temperature by quenching in 
cold water. As a result, bulk alloys of dark red 
(As10Sb30S60) or black (Ag-containing alloys) 
color were obtained.
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X-ray diffraction measurements were car-
ried out in Bragg-Brentano geometry using an 
AXRD benchtop diffractometer (Proto Manu-
facturing Ltd) with Cu Kα radiation, a Ni filter, 
and a Dectris MYTHEN2R hybrid microstrip 
photon counting detector in the 2θ angle range 
from 10° to 60°.

Optical transmission spectra of Ag–As–Sb–S 
glasses were measured using a UV-VIS spec-
trophotometer UV 1700 in the spectral range 
from 500 to 1100 nm with a scanning step of 
1 nm. The measurements were performed on 
plane-parallel polished glass samples. 

Refractive index dispersion was studied us-
ing a Horiba Smart SE spectral ellipsometer 
in the spectral range of 440–1000 nm at the 
incidence angle of 70°. The ellipsometry data 
were analyzed using commercially available  
DeltaPsi2 software.

Micro-Raman spectroscopy studies were 
carried out using an XPloRa Plus spectrom-
eter (Horiba Scientific) with the excitation by 
a solid-state laser at λexc = 532 nm, enabling a 
stepwise variation of its power density. A cooled 
CCD camera was used for the Raman signal de-
tection. The instrumental resolution was better 
than 2.5 cm–1. All measurements were carried 
out at room temperature.

3. Results and Discussion
X-ray diffraction (XRD) patterns of the 

synthesized Ag–As–Sb–S samples are shown 
in Fig. 1. For the samples without silver 
(As10Sb40S60) and with the lowest silver content 
(Ag2As10Sb40S58), a series of distinct narrow re-
flections were clearly observed which coincided 
quite well with the known diffraction peaks 
for crystalline Sb2S3 (stibnite) [35]. No diffrac-
tion peaks corresponding to other phases were 
observed; therefore, it was suggested that the 
arsenic present in the sample was most likely 
contained in the amorphous phase together 
with some sulfur and possibly other atoms. This 
amorphous phase exhibits no sharp diffraction 
features and the existence of such phase seems 
quite reasonable since arsenic readily forms 
amorphous chalcogenides, in particular arsenic 
sulfides in a fairly wide range of compositions 
[3]. Meanwhile, obtaining amorphous antimony 
sulfide is a more challenging task [36] and Sb2S3 
exists predominantly in crystalline form. There-
fore, it can be assumed that these samples are 
examples of two-phase systems with crystalline 
Sb2S3 inclusions in an amorphous As–S or (more 
likely) As–Sb–S or Ag–As–Sb–S medium.

Based on the most intense reflection peak 
of stibnite in the XRD patterns of the as-pre-
pared As10Sb40S60 and Ag2As10Sb40S58 sam-
ples near 2θ = 25° (Fig. 1), the average size L 
of Sb2S3 crystallites in the samples can be esti-
mated using the known Scherrer equation [37] 
β(2θ) = Kλ / Lcosθ where β(2θ) is the XRD peak 
half width (FWHM) (β=0.17° for As10Sb40S60 
and β=0.20° for Ag2As10Sb40S58), λ is the  
X-ray wavelength (λ=0.154 nm), K is the shape 
factor (K=0.9), and θ is the diffraction angle. 
The average Sb2S3 crystallite size was estimat-
ed to be 47 nm in As10Sb40S60 and 55 nm in 
Ag2As10Sb40S58. 

As can be seen from Fig. 1, samples with 
higher silver content exhibit X-ray diffraction 
spectra characteristic of an amorphous struc-
ture. It can be assumed that introduction of 
even as small amount of silver as 4% enables 
the formation of a stable amorphous network 
during rapid cooling and the production of a 
bulk glassy structure without crystalline Sb2S3 
inclusions.

Fig. 1. XRD patterns of the synthesized Ag–As–
Sb–S samples compared to the reference data 
for crystalline Sb2S3 (stibnite) adapted from Ref. 
[35]
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Raman spectra of the synthesized Ag–As–
Sb–S samples measured at a rather moder-
ate laser power density Pexc = 4 kW/cm2 are 
shown in Fig. 2. In the same figure, the spectra 
of amorphous As2S3 as well as crystalline and 
amorphous Sb2S3 (the latter is adapted from 
Ref. [9]) are shown for comparison. Broad Ra-
man maxima unambiguously confirm the amor-
phous structure of the Ag–As–Sb–S samples. All 
the spectra contain an intense broad (FWHM 
about 90 cm–1) maximum, the frequency posi-
tion of which exhibits a very slight shift with 
increasing silver content – from 296 cm–1 for 
As10Sb30S60 to 301 cm–1 for Ag8As10Sb30S52. 

Note that, to our knowledge, there is only 
one earlier publication devoted to the study of 
Raman scattering of amorphous quaternary 
Ag–As–Sb–S materials [38]. However, in that 
paper Raman spectra of thin films with a pre-
dominance of As over Sb (compositionally closer 
to AsS2) were analyzed, whereas in our case the 
situation is opposite (the material composition 
is closer to Sb2S3). Therefore, the data of the 
two studies can hardly be compared. 

The Raman spectrum of the silver-free 
As10Sb30S60 sample is very similar to the known 
data on amorphous Sb2S3 (as noted above, in 
most cases in the form of thin films) [8, 9, 15, 
16, 20, 36, 39–41]. Comparison of the spectra 
of amorphous Sb2S3 [8] and Sb2S3 polycrystals 
(our measurement) shown in Fig. 2 implies 
that the intense Raman scattering in this spec-
tral range is due to vibrations of Sb–S bonds 
in pyramidal SbS3 and SbS5 units present in 
the crystalline structure of Sb2S3 and charac-
terized by Ag (281 cm–1 and 311 cm–1) and B1g 
(303 cm–1) vibrational modes [41] which, being 
distorted in the structure of glass or amorphous 
thin films with bond lengths and bond angles 
that vary slightly for different pyramids, result 
in the observed broad maximum. The spectral 
position of the latter in amorphous Sb2S3 is 
reported at 285 [41], 290 [36, 39], 293 [9], 300 
[16], or 310 [20] cm–1 which evidently depends 
on the proportion of SbS3 and SbS5-type units 
in the glass or film structure in each case.

In the Raman spectrum of As10Sb30S60 we 
also observe a rather smooth shoulder-like con-
tinuum in the range of 100–150 cm–1 which was 
also found for amorphous Sb2S3 [9, 15, 16, 20, 
41]. An earlier study noted a relatively broad 
band in this range at 170 cm–1, which was at-
tributed to vibrations of Sb–Sb bonds in S2Sb–
SbS2 structural units [36]. It should be noted 
that in this case the analysis of the maximum 

was obviously carried out after subtracting the 
Rayleigh contour, which made it possible to 
more accurately determine its maximum posi-
tion. This broad feature is in reasonable agree-
ment with the vibrational spectrum of crystal-
line Sb2S3 containing bands at 97, 126, 155, 
and 191 cm–1, which may contribute to the con-
tinuum observed for As10Sb30S60 glass [41].

Fig. 2. Raman spectra of the synthesized Ag–As–
Sb–S samples excited at λexc=532 nm and Pexc= 
4 kW/cm2 as well as the spectra of As2S3 glass 
and Sb2S3 polycrystals measured under the 
same conditions. For comparison the spectrum 
of Sb2S3 glass (adapted from Ref. [9]) is shown 
by a dotted curve
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It should be noted that we did not observe 
noticeable contribution from pyramidal AsS3 
units, which was expected to appear near 340 
cm–1 where the most intense Raman feature 
of amorphous As2S3 is reported [42–44]. Most 
likely, the contribution of the As–S vibrations 
is masked by the high-frequency wing of the 
broad main maximum. Interestingly, despite 
the absence of noticeable arsenic-related peaks 
in our Raman spectrum of As10Sb30S60 glass, 
the addition of this small content of arsenic to 
Sb2S3 is sufficient to form bulk glass, which 
is extremely difficult for arsenic-free Sb2S3. It 
is also worth noting that in a recent study of 
As–Sb–S glasses [26] for the same composition 
(As10Sb30S60) a Raman spectrum identical to 
ours was obtained (shown by a dashed line in 
Fig. 2 for comparison), as well as bulk glasses 
for compositions with an even lower As content 
(As to Sb ratio 10:90).

Fig. 2 shows that adding silver to the 
As10Sb30S60 glass composition in the amount up 
to 8 at.% does not lead to noticeable changes in 
the Raman spectra. Only a slight upward shift of 
the broad maximum from 296 to 301 cm–1 is ob-
served with increasing Ag content. Apparently, 
this may indicate a rearrangement of the struc-
tural network of glass upon the introduction 
of silver, similar to Ag–As–S glass, for which a 
similar shift or even the appearance of an ad-
ditional higher-frequency Raman band is associ-
ated with the binding of pyramidal units of AsS3 
by S–Ag–S bridges [23, 45, 46]. However, it is 
equally likely that for a maximum with FWHM 
about 90 cm–1 a shift by about 5 cm–1 may be 
just a fluctuation, which, as noted above, is quite 
expected for Sb2S3-based glasses. Evidently, this 
issue can be clarified by studying more Ag-rich 
Ag-As-S compositions.

Since the Raman measurements clear-
ly show the amorphous character of all the 
As–Sb–S samples under investigation while 
the XRD data demonstrate reflections of 
crystalline Sb2S3 phase for As10Sb30S60 and 
Ag2As10Sb30S58, it can be concluded that the 
two mentioned samples are   amorphous with 
crystalline Sb2S3 inclusions, while the sam-
ples with higher silver content are completely  
amorphous. 

When using increased laser power density 
(40 kW/cm2) to excite the Raman spectrum, 
the spectra of As–Sb–S glasses look completely 
different (Fig. 3).The broad maximum slightly 
shifts down in frequency to 289 cm–1 (for the 
As10Sb30S60 sample) and becomes noticeably 

narrower. This fact may be associated with lo-
cal crystallization of Sb2S3 caused by rapid in-
tense heating of the sample by laser radiation 
with energy above the band gap, absorbed in 
the surface layer of the sample. Crystallization 
of amorphous Sb2S3 often occurs upon anneal-
ing [15, 17, 18, 20, 41, 47] which is confirmed 
by relevant changes in their Raman spectra. 
Notably, in all these studies two peaks were ob-
served in the range of 280–310 cm–1 (similarly 
to the spectrum of polycrystalline Sb2S3 shown 
in Fig. 2), whereas in our case we observe a 
single peak at 289 cm–1, which is significantly 
narrower than the original glass maximum, 
but still not split. Most likely, the cause is the 
temperature and duration of heat exposure. 
In the studies of the effect of annealing on the 
amorphous Sb2S3 the temperature was set not 
lower than 200–250 °C (it is clearly stated that 
no crystallization occurred below 200 °C [15, 
18, 41, 47]). The sharp narrowing of the band in 
the Raman spectra may be due to the fact that 
in our case the temperature reached in the laser 
spot at Pexc = 40 kW/cm2 was closer to this lower 
limit of crystallization range. Another important 
issue is the duration of the thermal treatment. It 
was typically 30 min [15, 18], and in the case of 
rapid high-temperature annealing (625–700 °C) 
it was 1–6 min [17]. In our case, the Raman mea-
surement (and, hence the laser-induced thermal 
treatment) lasted 10 s. Most likely, the combina-
tion of temperature and duration in this case in 
insufficient for crystallization within the whole 
probing area (laser spot), and the material in-
volved in Raman scattering is partly crystalline 
and partly amorphous, which ultimately leads 
to the observed narrow, but still single peak in 
the spectral range under consideration.

Moreover, Raman measurements at a 
higher Pexc= 40 kW/cm2 result in a series of 
new relatively sharp peaks, the most intense 
of which are peaks at 186–188 and 248–251 
cm–1 and weaker ones near 106, 115, 142, 
212, 370, and 445–447 cm–1. The spectral po-
sitions and relative intensities of the new 
peaks at 186–188, 209–212, 248–251, 370, and 
445–447 cm–1 are quite close to those of crys-
talline Sb2O3, namely senarmontite, its cubic 
modification [48]. It is reasonable to attribute 
these peaks to senarmontite Sb2O3 crystallites 
formed in the laser spot on the Ag–As–Sb–S 
glass surface under irradiation due to photo-
oxidation by oxygen from the ambient air. In-
deed, in our case, the peaks have a frequency  
4–7 cm–1 lower compared to the peaks of 
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Sb2O3, which is associated with noticeable 
heating of the sample in the laser spot at  
Pexc = 40 kW/cm2. Note, that oxidation of Sb2S3 
under laser beam and formation of Sb2O3 on 
the sample surfaces was earlier reported for 
Sb2S3 films and polycrystals [48, 49]. Recently, 
it was shown for As2S3-based amorphous ma-
terials that surface oxidation under laser beam 
can occur not only due to interaction with oxy-
gen from the ambient air, but also with oxygen 
adsorbed on the surface, although this is typi-
cal rather for thin films than for bulk glasses 
[50].

As can be seen from Fig. 3, new peaks ap-
pear in the spectra of the Ag–As–Sb–S glasses 
regardless of the silver content. Interestingly, 
the frequency of the strong Raman peak near 
250 cm–1 appearing at Pexc= 40 kW/cm2 coin-
cides with the frequency of the peak of miar-
gyrite (crystalline AgSbS2) [51]. It may be as-
sumed that AgSbS2 crystallites formed on the 
Ag–As–Sb–S glasses at elevated laser power 
density can also contribute to this peak. This 
possibility cannot be denied since the intensity 
ratio of the ∼250 cm–1 and ∼187 cm–1 peaks in 
the unpolarized spectra of randomly oriented 
Sb2O3 [48] and AgSbS2 [51] is practically the 
same. There is also no clear evidence for the 
presence of the AgSbS2 phase in locally heated 
amorphous Ag–Sb–S or Ag–As–Sb–S alloys. 
This issue can be expected to be clarified in fu-
ture research. In an earlier publication [20], it 
was stated based on the appearance of a peak 
near ∼250 cm–1 that AgSbS2 crystallites were 
formed in Sb2S3:Ag films during annealing; 
however, the authors did not even consider the 
possibility of thermal oxidation and formation 
of Sb2O3 with similar noticeable Raman fea-
tures. For amorphous Ag–Sb–S films with no-
ticeably higher Ag content than in our case, the 
possibility of formation of cubic and monoclinic 
AgSbS2 as well as monoclinic and hexagonal 
Ag3SbS3 upon annealing was reported in an 
earlier study [52].

Among the lower-frequency features ob-
served at an elevated Pexc= 40 kW/cm2, peaks 
near 105 and 142 cm–1 (Fig. 3) are revealed in 
the Raman spectra of elemental Sb [48], which 
correspond to the vibrational modes Eg and 
Alg, respectively [53]. Again in our case, the 
frequencies of the peaks are slightly lower due 
to heating. It is known that Raman peaks of el-
emental antimony (as well as Sb2O3) appear at 
higher Pexc values ​​in Raman measurements of 
crystalline Sb2S3 [48, 49]. Above-bandgap laser 
light tightly focused for the micro-Raman mea-
surement is strongly absorbed in the thin sur-
face layer, leading to heating of the sample and 
its possible decomposition to form elemental Sb 
or evaporation of Sb from the surface and its 
oxidation by ambient air. This thermal mecha-
nism of the laser-induced reactions is the most 
probable, but it should also be remembered that 
for amorphous chalcogenides a non-thermal 
mechanism of photoinduced structural changes 
is well known [54] which can, for instance, lead 
to the formation of crystallites with the partici-

Fig. 3. Raman spectra of the synthesized Ag–
As–Sb–S samples measured at the excitation 
with λexc=532 nm and Pexc= 40 kW/cm2.
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pation of dopant atoms under intense laser ir-
radiation [55, 56]. 

As can be seen from Fig. 3, the ratio of in-
tensities of the most prominent peaks of Sb2O3 
(∼250 cm–1) and Sb2S3 (∼290 cm–1) increases 
with silver content in the sample. It can be as-
sumed that for Ag-containing samples the in-
cident laser light is absorbed more intensely 
since the presence of silver noticeably shifts the 
absorption edge towards longer wavelengths 
(Fig. 4). However, this assumption remains 
only probable, since the laser wavelength 
λexc=532 nm is in all cases quite far in the ab-
sorption region, and to correctly measure the 
absorption coefficient it is necessary to make 
very thin samples, which is not always possible 
due to the mechanical fragility of the material.

Figure 4 shows the spectral dependence of 
the refractive index n and the extinction coeffi-
cient k for the Ag–As–Sb–S glasses under study. 
In the transparency region, the refractive in-
dex increases with decreasing wavelength, ap-
proaching the optical absorption edge. With 
increasing silver content, the refractive index 
increases in the whole spectral range.

Dispersion of the refractive index was ana-
lyzed using the Tauc–Lorentz model combined 
with the Drude model, which allowed the op-
tical bandgap Eg to be calculated. From the 
spectral dependence of the extinction coeffi-
cient we derived optical absorption coefficient 
α=4πk/λ. Similar values of the Eg param-
eter were obtained from the graph of (α⋅hν)1/2  
(Fig. 5) depending on hν using the well-known 
Tauc approach [57], which shows a decrease in 

the optical width of the band gap with an in-
crease in the Ag content.

The spectral dependence of the refractive in-
dex n in the Ag–As–Sb–S glasses was analyzed 
using the well-known Wemple–DiDomenico 
model with a single oscillator [58], based on the 
equation establishing the relationship between 
the optical parameters of the glass:

  	 n E E E
E h

d
WD WD

WD
2 0

0
2 21( )

( ) ( )
- =

- ν
	 (1)

where E0
WD is the energy of intrinsic vibrations 

of a single oscillator and Ed
WD is the dispersion 

energy which depends on the material char-
acteristics. The value of Ed

WD approximately 
corresponds to the maximum of the imaginary 
part of the dielectric constant; therefore, it can 
be related to the average energy of transitions 
of electrons between the valence and conduc-
tion bands. The Ed

WD parameter depends on 

Fig. 4. Spectral dependences of the refractive index n and extinction coefficient k of Ag–As–Sb–S glass 
samples

Fig. 5. Dependence of (α⋅hν)1/2 on the photon en-
ergy hν for the Ag–As–Sb–S glasses
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the cation coordination number Nc, anion va-
lence Za, and the number of effective valence 
electrons Nv bound to the anion: 
	 Ed

WD = b∙Nc∙Nv∙Za 	 (2)
where parameter b depends on the degree of 
ionicity of the bond. For primarily ionic materi-
als b = (0.26±0.04) eV, while for covalent com-
pounds b = (0.37±0.04) eV [59]. Za is a param-
eter characterizing the degree of polarization 
[59]. 

The determined optical bandgap Eg values 
as well as the characteristic parameters calcu-
lated on the basis of the Wemple–DiDomenico 
model for the Ag–As–Sb–S glasses are shown 
in Table 1. It can be seen that the single oscilla-
tor energy E0

WD decreases with increasing Ag 
content in the glass while the Ed

WD parameter 
exhibits non-monotonic behavior depending on 
the composition. Taking into account a known 
relationship E0

WD≈2Eg
WD [60], it is possible to 

determine a decrease in the band gap width 
Eg

WD with increasing Ag content in the Ag–As–
Sb–S glasses (Table 1). Within the framework 
of the Wemple–DiDomenico model [58], one can 
also evaluate the values of static refractive in-
dex: n E EWD

d
WD WD

0 0
1 21= +[ ( / ) ]/  and the degree 

of ionicity of the bond: f E Ei
WD

d
WD WD= ( / ) /

0
1 2 ; the 

corresponding values are listed in Table 1.

4. Conclusions
Ag–As–Sb–S glasses with As-to-Sb ratio of 

1:3 and silver content up to 8 % were prepared 
by high-temperature synthesis. XRD measure-
ments showed that the synthesized As10Sb30S60 
and Ag2As10Sb40S58 samples contain Sb2S3 
crystallites with average size of about 47 and 55 
nm, respectively; however, the diffraction pat-
terns of samples with higher silver content do 
not show crystal peaks. Micro-Raman spectra 
measured at low laser power density (Pexc= 4 
kW/cm2) provide clear evidence for amorphous 
structure of the samples. From comparison of 

the XRD and Raman data it can be concluded 
that the synthesized samples are amorphous 
(As10Sb30S60 and Ag2As10Sb40S58) with crystal-
line Sb2S3 inclusions or completely amorphous 
(Ag4As10Sb40S56 and Ag8As10Sb40S52). Raman 
spectra measured at an increased laser power 
density (40 kW/cm2) show features consistent 
with the formation of crystallites of elemental 
Sb and Sb2O3 in the laser spot on the sample 
surface; this is due to surface heating by the 
tightly focused laser light and interaction with 
oxygen from the ambient air. Spectroscopic el-
lipsometry studies made it possible to obtain 
spectral dependences of the refractive index 
and extinction coefficient of the Ag–As–Sb–S 
glasses under study as well as to evaluate the 
optical width of the band gap and other char-
acteristic parameters within the framework of 
the Wemple–DiDomenico model.
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