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The paper describes the results of the studies of the effect of silver incorporation degree in newly synthesised
Agx(As2Ss)1.x (0 < x < 0.2) glasses on their optical absorption edge, bandgap energy, and refractive index dispersion
in the visible and near-infrared range. The obtained experimental dependences are analysed using a single-oscillator
Wemple-DiDomenico model. The optical bandgap energy as well as the single oscillator energy is shown to
decrease with the Ag content in the glass while the dispersion energy increases and the bond ionicity degree remains

practically unchanged.
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Introduction

Intense studies of chalcogenide glasses (ChG) in the
recent decades provided a considerable array of data on
their unique structural, electric, and optical properties [1—
3]. In general, chalcogenide materials are distinguished by
their high ability of glass-forming and a possibility of the
chemical composition to be widely varied, capability of
doping by transition metals, the amorphous state being
completely preserved [4]. ChG are transparent in the
infrared range, sensitive to illumination by light, they
demonstrate a variety of photostructural effects, possess
high refractive index and reasonable chemical and
mechanical stability [1, 3]. This enables the application of
ChG in all-optical switching and optical waveguides) [5—
10]; in particular, they are suitable for the fabrication of
on-chip chalcogenide microresonators with low-threshold
parametric oscillation [11] and glass microfibers for mid-
infrared optics [12]. ChG can be employed in multiphoton
lithography for the formation of microstructures [13], as
base materials for chalcogenide-based near-infrared
photonic crystals [14-16], etc. Due to their good
thermoelectric properties ChG are considered promising
objects of study to implement a new generation of solid-
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state cooling systems and thermoelectric generators [17].
An ever increasing attention is paid to phase-change ChG,
suitable for the production of memristive devices with the
intention of being used for the means of data processing
and storage, in particular, artificial neural networks [18,
19].

As-S ChG with silver atoms incorporated in their
structure look attractive for researchers due to the
dominating ionic type of conductivity and effective
diffusion of Ag atoms; polarity-dependent electric
switching with memory effect facilitates the fabrication of
efficient non-volatile devices [20, 21]. An essential level
of polarisability of chalcogen atoms compared to oxygen,
their noticeable mobility as charged ions and in
combination with Ag or Cu dopants made ChG an
interesting class of objects for fundamental studies aiming
at applications in solid-state ionics [22, 23].

Introduction of silver in the ChG of the As-S system,
as well as the choice of technology for their fabrication,
essentially affects their physical and chemical properties,
for instance, charge-carrier mobility, value and type of
electric  conductivity, optical and thermoelectric
properties, photosensitivity, etc. Doping with Ag (by
several at. per cent) is capable of increasing the ionic
conductivity by at least five orders of magnitude and
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strongly affects physical and chemical properties of the
material. Dramatic changes of such kind in the ionic
transport are inevitably related to the structural
arrangement of the glasses.

In the recent years, ChG with noble metal
nanoparticles incorporated in their structure attract an
extended interest, especially in view of their possible
application in memory switching devices [4, 22, 24] as
well as in programmable metallization-cells in solid
electrolytes [25].

Illumination of noble metal-doped chalcogenide
glasses used as a base medium for photoionics, initiates
migration of the incorporated metal atoms, leading to the
modulation of reflection, transmission, and absorption of
optical waves [21, 26, 27].

Note that earlier studies of glasses of the Ag—As-S
system mostly concerned their basic characteristics along
(Ag2S)—(As2S3) [28-34] and Ag-AsS; pseudo-binary

lines [35-38].
The present paper is aimed at the studies of optical
properties of synthesised  Agx«(As2S3)1x  glasses

(0<x<0.20). We took into account the fact that
introduction of silver atoms in As,S3 affects the glass-
forming ability of the system which for the Agx(As2S3)1x
glasses (0 <x<0.44) encompasses a rather broad
compositional interval except a section with potential
tendency toward crystallisation when Ag content is within
13 to 21 vol. % [39].

I. Experimental

Silver-doped Agx(AszSs)1-x glasses (0 < x <0.2) were
obtained from pre-synthesised As,Ss glass and colloidal
Ag particles by single-temperature synthesis in evacuated
quartz ampoules at 600 °C. At this maximal temperature
the melt was kept at constant stirring for 4 h and
afterwards sharply quenched on air. The synthesis led to
Agx(As2S3)1x glasses with x = 0.02, 0.04, 0.06, 0.08, 0.10,
0.15, and 0.2, the colour of which was varied from light
yellow to dark red with increasing Ag content.

Binary As;Ss glass was synthesised from elemental
components (99.999% purity) in the stoichiometric
composition in a quartz ampoule evacuated to 107 Pa,
constantly rotating around its axis. The ampoule was
heated to 920 K. The mass of the mixture loaded in the
ampoule typically was 9-12 g.

Colloidal silver in the form of nanoparticles was
obtained by reduction of AgCl by hydrazine chloride
(N2H6Cly) in an alkaline medium (NaOH). AgNO3; and
KCI were used to obtain AgCl. Purity of AgNOs;, KClI,
N2HsCl, and NaOH was not worse than 99.95%. Note that
the concentration of the salt solutions prepared in doubly
distilled water was 1 mole/l. The reduction process was
carried out at 80 °C.

XRD studies were performed using a Proto
Manufacturing Ltd diffractometer equipped with a
DECTRIS MYTHENZ2R 1D hybrid photon detector. The
measurements were carried out in the Bragg-Brentano
geometry using a Cu K, X-ray source.

Optical transmission measurements for the As;S3:Ag
glasses were carried out in the range 400-1100 nm using
a Shimadzu UV-1700 spectrophotometer. Refraction
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index dispersion of the As,S3:Ag glasses was studied in
the spectral range 440-1000 nm using a Horiba Smart SE
spectral ellipsometer. During the measurements the
optical beam was incident on the studied sample at an
angle of 70°. The obtained experimental spectra were
analysed using DeltaPsi2 software.

I1. Results and Discussion

X-ray diffractograms for the As,S3:Ag of various
compositions are reproduced in Fig. 1. They demonstrate
broad smooth maxima, typical for amorphous media, not
much differing from the XRD pattern of the binary As;S3
glass. There is no evidence for possible crystalline
inclusions in the samples under investigation. This result
is even more interesting for the glasses with Ag content of
15 and 20 molar %, since in earlier studies [39, 40] these
ternary compositions, according to the phase diagram
presented, are considered not prone to glass-forming (Fig.
2).
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Fig. 1. X-ray diffractograms for undoped and silver-doped

samples of As,Ss glass.

As

Fig. 2. Glass-forming region in Ag—As-S ternary system,
encompassed by the red line (adapted from Ref. [39]).

Note that silver, introduced into the glass structure, in
this case is rather a structural network modifier of the
chalcogenide glass than a network former [41]. In other
words, when the silver concentration exceeds a
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percolation limit, detected in multiple experiments
(3-7 at. % AQ), this causes internal phase separation of the
ChG in two phases — Ag-deficient and Ag-enriched [27,
30, 37, 38]. Differential scanning calorimetry showed this
separation to result in the presence (on the macroscopic
level) of two glass-forming temperatures: a lower one T
for the superionic (silver-enriched) phase and a higher one
Ty for the silver-deficient semiconductor phase [30].
Spinodal phase separation of such kind imposes certain
restrictions on the possibility of further crystallisation
transformations in the glass [42].

Itis logical to assume that a great number of structural
units in the ChG would noticeably affect their properties,
namely optical bandgap, rigidity of the amorphous
material structure, and the above-mentioned glass-
forming temperature.

Simultaneously, we assume that the technology of
glass synthesis employed here when silver was introduced
in the synthesised glass structure by means of colloidal
nanoparticles, can facilitate the phase separation and,
accordingly, the extension of the glass-forming region in
AsS3:Ag.

We take into account that in Agx(AszSs3)1x glasses
introduction of silver leads to both compositional and
topological disordering of the structure. As a result,
density of localised states in the bandgap increases,
directly affecting the shape of the low-energy tail of the
optical absorption (Fig. 3).
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Fig. 3. Optical transmission spectra for Agx(As2S3)1-x
glasses.

As can be seen from Fig. 4 and Fig. 5, with increasing
silver concentration in Agy(As:S3)1y the optical
absorption edge shifts towards longer wavelengths and
becomes less steep and noticeably smeared, with a
deviation from the exponential shape.

The optical bandgap of the glasses Eq* was calculated
using the Tauc equation [43].

a-hv =B-(hv—E;)? 1)
where a is the optical absorption coefficient, Av is the
photon energy, B is a ChG material-related parameter.
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Fig. 4. Optical absorption spectra for Agx(As2Ss)1-x
glasses.
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Fig. 5. Dependences of the (a-hv)*? parameter on the
photon energy hv in Agx(As2S3)1x glasses.
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Whenever the silver content in the Agx(As2S3)1x
glasses exceeded 10 mol. %, we observed a nonlinear Eg*
decrease (Fig. 6). Such behaviour can be explained not
only by the effect of structural and compositional types of
disordering [33]. We assume that evident separation of
microphases in the ternary As-Ag-S system occurs
already at the stage of the glass synthesis and is
determined by the effect of liquid-liquid non-mixing. As
follows from the structural studies of glasses of the Ag—
As-S system [27, 44], introduction of a relatively large
amount of silver results not only in fragmentation of
regions of the Ag-deficient phase, but also in an essential
increase of number and active expansion of separate Ag-
enriched regions. With increasing silver content, the latter
comprise an ever increasing part of the glass volume, the
size of each regions being hundreds of nanometers.

While calculating the behaviour of the refractive
index of the As,S3:Ag glasses we used the Tauc—Lorentz
model, in the framework of which an "air-glass-
roughness" system was considered. For the glasses under
investigation, in order to take into account the silver
doping level, we used a system with a double base layer
(Tauc—Lorentz model / Tauc—Lorentz+Drude model). The
model employed is convenient for the ellipsometric
studies of glasses to describe the refractive index
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dispersion n(A) close to the optical absorption edge.
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Fig. 6. Dependence of the optical bandgap Eg* on the Ag
content in Agx(As2Ss)1x glasses.

Results of the ellipsometric studies of the refractive
index dispersion n(A) for the As,Sz:Ag glasses and
dependence of this parameter at a fixed wavelength
A=1 um on the silver content are reproduced in Fig. 7 and
Fig. 8. The strong dispersion dependence n()) revealed in
the short-wavelength part of the spectrum (Fig. 7) is
related to the vicinity of the fundamental absorption edge,
while the observed shift of the dispersion curves correlates
with the Eg* variation versus the glass composition. With
increasing Ag content a nonlinear increase of the
refractive index was observed. A higher doping level led
to a general refractive index increase due to an increasing
glass density caused by the presence of ever increasing
concentration of the Ag-enriched phase entities.
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Fig. 7. Refractive index dispersion n(A) in Agx(As2S3)1-x
glasses.
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Fig. 8. Dependence of the refractive index at a wavelength
A=1 um on the content of Ag in Agx(As2S3)1-x glasses.

In order to analyse the spectral dependence of the
refractive index n in the As,S3:Ag glasses, we applied a
known single-oscillator model by Wemple-DiDomenico
[45]. It is based on an equation which determines the
relationship between the optical parameters of the glass:
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where Eq"P is the energy of intrinsic vibrations of the
electron oscillator and Eq"P is the dispersion energy,
dependent of the material structure and chemical
composition. The E"P parameter approximately
corresponds to the maximum of the imaginary part of the
dielectric permittivity, hence it can be related to the
average energy of transitions of electrons from the valence
band to the conduction band. The dispersion energy Eq"P
relates cation coordination number Nc, anion valence Z,
and number of effective valence electrons Ny, bound to the
anion:

Et‘i/VDzb'NC'Nu'Za 3

where b is a parameter, dependent of the bond degree of
ionicity. It is known that for mostly ionic compounds
b = (026 + 0.04) eV and for covalent compounds
b=(0.37+0.04) eV [46]. The Z, parameter characterises
the polarisation degree, i. e. the effect of low-energy
photons on the electron system, related to anions [46].
Introduction of silver in the As,Ss glass would be expected
to increase the N value which should result in an increase
of the dispersion energy E4"P.

Equation (2) in general gives a correct decription of
the refractive index n due to the relationhip of n and Eg*.
The equation is quite correct when the dispersion of n is
studied at a not very high optical absorption level [47, 48].

Characteristic parameters calculated for the As,Sz:Ag
glasses based on the Wemple-DiDomenico model are
listed in Table 1. It is shown that with increasing Ag
content in the As»S3:Ag glass the single oscillator energy
Eo"P nonlinearly decreases. The dispersion energy Eq*"°
in this case nonlinearly increases. This fact is in a good
agreement with a noticeable increase of the cation
coordination number Nc with the incorporation of Ag
atoms in the As;Sz glass [49]. Simultaneously, an essential
level of disorder of the glass structure at a higher Ag
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content leads to a lower steepness of the a(hv) curves in
the vicinity of the absorption edge (Fig. 4).

Having taken into account a simple relationship
Eo"P~1,9 E4"P [49], we confirmed the trend of narrowing
of the bandgap E4"'° (Table 1) at increasing Ag content in
the compounds under study. The decrease of the E4"P
parameter appeared not so strong as the experimentally
obtained shift of the absorption edge for the Agx(As2Ss)1-x
glasses at x > 0.10 (Fig. 6). We relate it to the character of
their phase separation and the increasing concentration of
silver-enriched phase inclusions.

According to the Wemple—-DiDomenico model [45],
the values of the static refractive index ngVP and degree of
the bond ionicity fWP for As;Ss;:Ag glasses can be
estimated using the following equations:

wD Ey'P 1z
nyg - = [1 + EWD] (4)
0
wp _ [E&" 12
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We found that the static refractive index ng"P in the
As,S3:Ag glasses remains almost unchanged in the long-
wavelength range. With increasing silver content, ny"'®
nonlinearly increases (Table 1), however, its value is
usually lower than n determined by ellipsometry at a fixed
wavelength A=1 pm (Fig. 8). The ionicity degree fi*P is
practically constant in the whole compositional interval
under study.

Table 1.
Parameters, determined in the framework of the
Wemple-DiDomenico model for the Agx(As2S3)1-x

glasses
EOWD EdWD E WD
Sample V) V) (SV) neP | fivb
As,S3 3.99 16.58 | 2.100 | 2.27 | 0.49
2% Ag 3.94 16.65 | 2.074 | 2.29 | 0.49
4% Ag 3.89 16.76 | 2.047 | 2.304 | 0.48
6% Ag 3.87 16.88 | 2.037 | 2.316 | 0.48
8% Ag 3.86 17.05 | 2.031 | 2.33 | 0.48
10% Ag 3.85 17.17 | 1.925 | 2.34 | 0.47
15% Ag 3.84 17.26 192 | 234 | 047
20 % Ag 3.83 1729 | 1.915 | 2.35 | 0.47

Conclusions

The paper presents the results of investigation of optical
properties of Agx(As;S3)1x glasses (0 <x <0.2) prepared
by single-temperature synthesis from As,Ss and colloidal
silver particles. The amorphous structure of the as-
prepared glasses was confirmed by XRD. Optical

absorption spectra and refractive index dispersion of
glasses with different content of silver were studied in the
visible and near-infrared spectral range. The shape of the
spectra in the vicinity of the optical absorption edge in
general corresponds to the Urbach rule, the increasing
amount of silver in the glasses leading to the absorption
edge shift towards the long-wavelength range.

Refractive index dispersion in the As;S3:Ag glasses
with different content of silver was studied using
ellipsometry measurements. The results obtained were
analysed in the framework of a single-oscillator Wemple—
DiDomenico model. The oscillator energy and the average
energy of electron transition from the valence band to the
conduction band are calculated; these parameters decrease
with increasing silver content in the glass while the
dispersion energy (oscillator strength) increases. The
detected deviations of the experimentally obtained
compositional dependences of the optical bandgap and the
refractive index at a fixed wavelength from the parameters
calculated based on the Wemple-DiDomenico model are
explained by the character of the microstructure of glasses
with high silver content where silver-deficient and silver-
enriched regions are present.
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OnTuyHi BJacTHBOCTI cTekoa AS>S3:Ag
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33axapnamcvruil yeopcokuii incmumym im. @epenya Paxoyi |1, Bepezoso, Yipaina

VY crarrti onucaHO pe3yJbTaTd BUBUCHHS BIUIMBY DIiBHS BHECEHHs Cpibja B HOBOCHHTE30BaHHMX CTEKJIaX
Agx(As2S3)1x (0 <X <0.2) Ha kpail ONMITHYHOTO TIOTIINHAHHS, IIUPUHY 3a00POHEHOI 30HH i AUCIEPCi0 MOKAa3HUKA
3aJIOMJIEHHS Y BUJIMMOMY 1 OIkHBOMY iH(padepBoHOMY mianasoHax. OTpuMaHi eKCIIepHUMEHTANBHI 3aIe)KHOCTI
MPOAHAai30BaHO 3 IOMOMOT00 ogHOOCHIIsITOpHOT Mozeni Bemmna—/li Jomeniko. [Toka3aHo, 1110 3i 301IbIICHHIM
BMicTy AQ y CKJIi ONTHYHA MIMPHHA 3200pOHEHOI 30HU CTAa€ MEHIIOIO, SIK 1 €HEepTis OJAWHOYHOTO OCIHJIATOpA,
HaTOMICTb €Heprisl JucIepcii 3pocTae, a CTYIiHb 10HHOCTI 3B’ 3Ky 3aJIMIIAETHCS MPAKTHIHO HE3MIHHIM.

KoarouoBi cioBa: amopdHi XalbKOTeHiTH, CYMepioHHI CTeksa, Kpail ONTHYHOTO MOIJIMHAHHS, MOKa3HHK
3aJIOMJICHHSI.
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