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ABSTRACT

The present work describes the preparation of a new series of chalcogenide glasses in an As;4SbysS(s0—x) (Agl)x system intending to explore
its thermal, structural, optical, mechanical, and electrical properties. The differential scanning calorimetry results of the studied glasses show
the sharp decrease in glass transition temperature (Tg) with the successive incremental inclusion of Agl in the composition, implying the
structural changes in the glass network. A thorough Raman analysis corroborates the occurrence of changes in the glass network due to
the formation of Asl; units and Ag-S—As bonds with increasing Agl content. Also, structural changes can be reflected with the change in
the optical bandgap (E) that was calculated using Tauc equations where it was found that E, is in harmony with the observed structural
variations of glasses. The studied glasses possess a transmittance window (~0.68-12 um) with transmittance above 60% in the mid-infrared
region. These structural changes are closely related to the significant enhancement of conductivity of the present glasses from 107° to
107 S/cm at 373 K with a decrease in activation energies. Impedance spectra for the glass with highest Agl revealed the presence of two dif-
ferent relaxation processes. AC conductivity data followed an Arrhenius behavior as well as Jonscher’s power law. The present work provides
insights into glass network modifications due to silver iodide inclusion and its role in the enhancement of conductivity.
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I. INTRODUCTION dioxide (CO,), leading to extensive studies of chalcogenide
glasses.””""" Among all the chalcogens, sulfur-based glasses are
mainly reported for their ionic conductivity and laser applications

because the thermal and mechanical properties of most sulfide
2,13-16

Chalcogenide glasses (ChGs) have been studied for their mid-
infrared (MIR) transparency, electrical properties, and flexible
structure by many researchers from a long time.' ™ In recent years,
there has been a huge demand for portable energy devices, MIR glasses are better than those of selenide or telluride glasses

lasers, photonics devices, MIR chemical sensors for detecting pol- Due to high glass transition temperature (Tg), transparency from
lutants in air and water, and far-infrared (FIR) transparent materi- visible to MIR (~10um), loose transport channels, and low
als for space applications to detect the possibility of extraterrestrial binding energies, sulfur (S)-based glasses have been extensively
life by monitoring infrared signatures of ozone, water, and carbon studied for laser, photonics, and solid electrolyte applications.”""*
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Sulfur-based glassy electrolytes, in particular, have attracted consid-
erable interest due to their high polarization and the large ionic
radius of sulfur S, which enhance room temperature conductivity
and ionic diffusion.'” The major advantage of amorphous materials
such as glasses is their ionic transport, which is driven without any
grain boundary, leading to an increase in conductivity by several
magnitudes compared to crystals.'”>'® In fact, the Lil-Li,S-GeS,~
Ga,S; chalcogenide glass is the best-known studied glass composi-
tion for solid electrolytes.”* Many researchers have studied
sulfur-based lithium halide glasses, and most of them have shown
good conductivity at room temperature*’~>* However, glasses con-
taining lithium iodide (LiI) pose challenges in terms of synthesis,
chemical durability, volatility, and thermal stability.' >~
According to the studies available in the literature, silver-doped
glasses usually exhibit higher conductivity as silver (Ag) ions are not
held firmly in lattice sites or anion cages, thus having a great
freedom of movement.'>° Silver doped in the form of Agl in ChGs
helps to improve the glass-forming ability and optical properties as
halide atoms (I”) open up the network.'®'>*° Agl enhances the
conductivity of the glasses, as dopant salts usually expand the glass
network, thus providing free volume for fast ion transport, which is
associated with the large size of the anion (I7).”””" Interestingly,
Agl is also known as a super ionic conductor as its phase o-Agl has
the highest ionic conductivity of 1 S/cm when it is thermodynami-
cally stable above 147 °C.'° At ambient pressure, the a-Agl phase is
stable from 147 to 555 °C, which has a body-centered cubic struc-
ture and has the silver ions distributed randomly between 2, 3, and
4 coordinate sites.””* At 147°C, the phase transformation from
o-Agl to low-temperature stable phase p/y Agl occurs, making it
difficult to work with o-Agl as it is not stable below 147 °C.'° To
date, only in oxide glasses and glass ceramics has a-Agl been stabi-
lized at room temperature through the twin roller rapid quenching
method.'*™° At room temperature and normal pressure, two
phases exist in silver iodide, the B phase (wurtzite structure) and the
v phase (sphalerite structure), where the B phase is claimed to be
metastable.”” Silver iodide (Agl)-doped glasses have been attracting
many researchers as silver ions are known to exhibit a high conduc-
tivity of around 107> S/cm at room temperature."* The GeSbS and
GeGaSbS or GaSbS'***glass compositions are highly studied by
doping silver iodide. Lin et al.'* and Huang et al." successfully syn-
thesized glass by doping 70 mol. % of Agl without any crystalline
phases. The glasses synthesized by Lin et al.'* have displayed a high
conductivity of around 9.18 x 10 ~>S/cm at ambient temperature.
Huang et al'” achieved high room temperature conductivity
(107 S/cm) for 40 (0.85b,S;-0.2Ga,S5)-60 Agl sulfide glass. Most
of the researchers have studied germanium- or gallium-based sulfide
glasses, thus achieving good ionic conductivity at room and higher
temperatures. However, Agl/AgCl-doped trivalent elements (As and
Sb) containing sulfide glasses have been studied or explored by only
a few researchers.”*' Among arsenic-containing glasses, As,Te;
glasses were studied by doping Agl,">*’and Kassem et al.** studied
a CdTe-containing As,Te; glass system doped with Agl. As,Te;
glasses have exhibited ionic—electronic mixed behavior,”” whereas in
Agl-doped As,Se; glasses, the electronic process dominated the
ionic conductivity.””*® As-Sb-S/As-Sb-S-I ChG glasses/thin films
are explored by many for their structural, optical, and thermal prop-
erties, but conductivity properties are not studied much.”’~" To the

ARTICLE pubs.aip.org/aip/jap

best of our knowledge, no researchers have formulated and explored
Agl-doped As-Sb-S systems. Previously, our group has investigated
the effect of iodine addition on the optical, thermal, and structural
properties of As;4Sb,eSeo glasses by varying the As/Sb ratio.”””” Our
studies have shown that As-Sb-S-I glasses exhibit favorable thermal
and optical properties along with excellent glass-forming ability
properties.”>”” In this study, we incorporate Agl into the As-Sb-S
system by replacing sulfur. While sulfur acts as a good glass former
and enhances conductivity through the formation of Ag-S bonds,
reducing its content increases the possibility of phase separation due
to the presence of silver. It is worth noting that phase separation
can occur in chalcogenide glasses doped with Ag and can result in
non-homogeneous structures. This phenomenon has been observed
in three- and four-component systems such as Ag-As-S, Ag-As-Se,
and Ag-As-S-Se.”*”” Phase separation appears as a result of the
tendency of the system to reduce free energy by forming or separat-
ing it into two or more phases. Investigating phase separation is
crucial for potential applications of these materials. Therefore, in
this study, we examine the effect of silver iodide on the glass com-
position As;4SbysSs0-x)(AgDx (x=2, 4, 6, 8, and 10 mol. %) in
terms of structural modifications and its impact on thermal, optical,
bulk mechanical, and electrical properties.

Il. EXPERIMENTAL PROCEDURE

The chalcogenide glasses having the composition of
As14SbasSs0-x) (AgD)y (x=2, 4, 6, 8, and 10 mol. %) were synthe-
sized by the melt quenching technique using raw materials such as
arsenic (99.999%), sulfur (99.999%), and antimony (99.999%) from
Alfa Aesar and silver iodide (99.9%) from Sigma Aldrich. The
ampoules with appropriately weighed batches were evacuated
under vacuum at 107 Pa followed by pre-heating and melting of
batches at 750 °C in a rocking furnace for 16 h to homogenize the
melt. The ampoules were quenched and then annealed for 2h
between 120 and 150 °C at a suitable temperature near T, depend-
ing upon the composition. Annealed glasses were cut and polished
according to the required dimension for further characterizations.
The prepared glasses were labeled as G1-G5 (lowest to highest Agl
content) for convenience. A photograph of all the studied glasses is
shown in the inset of Fig. 1(a).

A. Material characterization

The x-ray diffraction (XRD) measurements for every sample in
powder form were performed on an x-ray diffractometer (model:
X’pert Pro MPD from Panalytical, Almelo, The Netherlands) using
Ni-filtered CuK,, radiation of 1.5418 A. The chemical composition
of all the studied glasses was estimated using energy-dispersive x-ray
spectroscopy (EDS) at an accelerating voltage of 20kV equipped
with a scanning electron microscope (SEM) (Carl Zeiss, Ultra 55,
GEMINI, Germany). The densities of the bulk glasses were mea-
sured by applying Archimedes’ buoyancy principle using toluene as
an immersion liquid on a Mettler-Toledo digital mono-pan balance
fitted with a density measurement kit. Differential scanning calo-
rimetry (DSC) (model: LABSYS Evo; from Setaram, Caluire, France)
studies were carried out from room temperature to 450 °C at the
heating rate of 10 K/min. Raman spectra were recorded at room
temperature using a Raman spectrometer (model: Labram, HR, 800
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FIG. 1. (a) XRD plot for all the glasses (inset: photograph of all the glasses). (b) DSC plots for all the studied glasses (inset: magnified view of Tg).

EV from Horiba, France) in the range of 120-400 cm™" using a

785nm laser diode as a source. The ultrasound velocity measure-
ments at a 5 MHz frequency were carried out using an ultrasonic
flaw detector (model: EPOCH-1000 from OLYMPUS, USA) to
determine the bulk mechanical properties of glass.

1. Optical measurements

The optical properties were measured on the circular shaped
samples of thickness 2 mm. The refractive index of all the samples was
measured using a prism coupler (model: M2010 from Metricon USA)
at a 1552nm wavelength. The optical transmittance spectra were
recorded in the spectral region in the range of 250-2500 nm using an
ultraviolet-visible-near infrared spectrophotometer (UV-Vis-NIR
spectroscopy) (model: Lambda 950, from Perkin Elmer, USA). The
absorption coefficient (o) was calculated from the measured transmit-
tance spectra of all glasses using equation®” and is given in Eq. (1),

2303 x A

7 1)

where A is the absorbance of the sample and d is the sample thickness
or path length.

Optical bandgap calculations were carried out using the Tauc
equation®”®" and are given in Eq. (2),

ahv = B(h¥ — E,)", )

where Eg is the optical bandgap, B is the band edge parameter, # is
an exponent that can take values of 1/2, 2, 1/3, or 3 depending upon
the direct allowed, indirect allowed, direct forbidden, or indirect for-
bidden transitions, respectively. Bandgap (E,) values were obtained
from the extraction of linear fit and energy intercept. The infrared
transmittance was measured for all the glass samples using a Fourier
transform infrared (FTIR) spectrometer (model: Frontier from
Perkin Elmer, USA) in the wavenumber range of 4000-400 cm L.

2. Electrical measurements

For impedance analysis, all the glass samples were uniformly cut
into a circular disk shape with a thickness of ~1 mm. After cutting,
glasses were polished to optical grade quality and then hand coated
with high conductivity (volume resistivity = 0.0002 ohm cm) silver
conductive paint (Pelco, Product No. 16062, Ted Pella Inc., USA). All
the samples were cured for 48 h prior to the experiment. The conduc-
tivity measurements were carried out in the frequency range of
50 Hz-10MHz using an LCR (L=inductance, C = capacitance,
R =resistance) Hi-Tester model HIOKI-3532-50 (Hioki E. E.
Corporation, Japan). A two-probe setup with test leads (parallel plate
capacitor geometry) connected to a Test Fixture HIOKI-9262 was
used to acquire the data. The temperature-dependent frequency
characteristics of the glass samples were measured from RT to
100 °C with a 10°C interval using a DPI-1200 high-temperature
dry calibrator (Divya Process Instruments) with a temperature
accuracy of +1 °C. The sample bulk resistance, R, for the studied
glasses at 100 °C was determined by extrapolating the semicircle
to the Z' (X axis) and the Nyquist plot for all the glasses. The AC
conductliv{i‘;y (o) at different temperatures can be calculated using
Eq. (3),'°

, 3

where d is the sample thickness, A is the surface area, and Ry is
the sample bulk resistance. EIS spectrum analyzer software was
used for fitting the impedance data.”’

I1l. RESULTS AND DISCUSSION

A. XRD and SEM-EDS analysis

Figure 1(a) shows the XRD plot for all of the glasses studied.
The appearance of characteristic broad humps without any discrete
diffraction peaks confirms the amorphous nature of the glasses.
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TABLE 1. Molecular weight (g/mol), density (g/cm®), glass transition temperature (Tg), crystallization onset temperature (T,), crystallization peak temperature (T), melting
temperature (T,), and thermal stability factor (AT) of all the glasses. (All thermal parameters in °C.)

Sample code Molecular weight Density (+0.0006) T, (£2) Ty T. T T2 AT
Gl 65.44 3.9256 192 280 290 423 88
G2 69.50 4.1110 187 273 288 400 84
G3 73.50 4.2895 180 261 285 302 322 81
G4 77.60 4.3697 177 252 270 299 319 75
G5 81.66 4.4380 172 240 265 298 320 68

EDS analysis was used to estimate the chemical composition of the
bulk samples. The mole percent ratios for As, S, Sb, Ag, and I for
all the glasses along with composition are given in Tables I and II
in the supplementary material, along with standard error bars. The
EDS analysis showed that there was minimal loss of iodine or silver
content for all of the studied glasses, indicating that the composi-
tion of the final glasses remained almost intact. In addition to
powder samples, bulk and polished samples of glass G1 (lower Agl
content) and G5 (higher Agl content) were analyzed using SEM to
study their microstructure. SEM scans were performed at ten differ-
ent spots for both glasses. No grains, crystal formation, or inhomo-
geneity were observed in glass GI, even at higher magnifications.
However, a non-uniform microstructure was observed at some
spots in glass G5, which may be due to clustering or inhomogen-
ities resulting from a higher Agl content. This was also confirmed
using SEM mapping and EDS analsysis. All figures and minor
details related to SEM-EDS, mapping, and analysis are given in
Figs. $2-54 in the supplementary material.

B. Physical and thermal properties

Table T lists the measured densities of the glasses. The density
increases with an increase in silver iodide content, as it has a higher
molar mass (234.77 g/mol) compared to the other elements in the
glass system. Figure 1(b) shows the DSC plots for all the glasses, and
Table T summarizes the obtained characteristic temperatures and
thermal stability factor (AT). As silver iodide content increases from
2 to 10 mol. %, the glass transition temperature (Ty) decreases from
195 to 172 °C. This decrease is expected as iodine acts as a network
terminator that forms many terminal bonds with silver, antimony,
and arsenic, thus decreasing network connectivity or weakening the
main structural units. The addition of metallic Ag" may also be
responsible for breaking (S-As-S/S-Sb-S) chains.”

The addition of Agl at the expense of sulfur content decreases
the overall rigidity of the glass network. As silver increases, inter-
connected sulfur bonds are broken, thus decreasing overall thermal
properties. Additionally, the crystallization onset temperature (Ty)
decreased with an increase in silver iodide content. All glasses dis-
played a single crystallization peak or exothermic event. Glasses
G3-G5 displayed double melting peaks, indicating that the pres-
ence of two crystallization peaks overlapped in one single peak.
Glasses G1 and G2 displayed melting events beyond 400 °C and are
given in Fig. S5(a) in the supplementary material. Melting events
displayed by glasses G3 and G4, which were not visible clearly, are
given in Fig. S5(b) in the supplementary material. The thermal

stability factor AT ranged between 88 and 68 °C and decreased with
an increase in silver iodide. The decrease in sulfur content from 58
to 50 mol. % resulted in a decrease in bond energies as sulfur bonds
have higher energies compared to halide bonds, which might be
one of the strong reasons that accounted for the overall reduction
in the glass transition temperature and thermal stability factor.

C. Optical properties

The UV-Visible-NIR and FTIR spectra of all studied glasses
are shown in Figs. 2(a) and 2(b). Glasses have exhibited percent
transmittance from 58% to 64% in the UV-VIS-NIR range and
60%-68% transmittance in the mid-infrared range with a transpar-
ency window beyond 11 um. Major impurity peaks due to O-H,
H,0, and As-O bonds are observed in all the glasses. The impurity
peak of As-O becomes sharper with an increase in Agl as halides
are more prone to absorbing moisture. In the present glass series,
the visible transmittance edge shifted to the higher energy side from
GI1 to G5, as shown in Fig. 2(b) with progressive inclusion of Agl.

1. Optical bandgap analysis

An indirect bandgap plot is given in Fig. 3(a), and values are
mentioned in Table II. From Fig. 3(a), it can be observed that the
bandgap is shifting toward a higher energy with an increase in silver
iodide content. The bandgap shift can also be explained with the
help of electronegativity and ionic radii of constituent elements. The
electronegativities of arsenic, antimony, sulfur, silver, and iodine are
2.18, 2.05, 2.58, 1.93, and 2.66, respectively. Adding anions with a
similar electronegativity to that of sulfur but larger ionic radii than
those of sulfur (0.29), for example, can result in a high energy shift
due to bandgap broadening caused by the large ionic radius (2.20).°*
Iodine, being the most electronegative element in the present glass
system, plays an important role in trapping the electronic charges,
thus resulting in extra electron energy levels in the bandgap.” This
generates a larger optical bandgap; hence, a higher energy shift is
observed with an increase in Agl content. As per Huang et al.,”” the
shortwave absorption edge (Ay;) is also attributed to the electrical
transition between a valence band and a conduction band. This phe-
nomenon can be attributed to the addition of I” with a lower polar-
izability (7.1 x 107** cm®) than that of $~ (10.1 x 1072* cm®)."” The
low polarizability of I" results in an increase in the bandgap between
the valence band and the conduction band. It is well known that the
optical bandgap is not only influenced by chemical composition, but
structural arrangement also plays an important role. The variation in
S or Agl results in a change of bond angle or bond length, which
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FIG. 2. (a) UV-VIS-NIR spectra for all studied glasses (inset: magnified view of a shorter wavelength cutoff). (b) FTIR spectra for all studied glasses.

changes the glass matrix by their distribution in the entire network.
As Agl enters the As-Sb-S glass network, it breaks As-S or Sb-S
bonds and forms Ag-S bonds. As expected, there should be a red/
lower energy shift in the visible bandgap, but iodine decreases the
delocalization of non-binding electrons, which are in the form of
lone pairs that are present in sulfur.””

In the chalcogenide glasses, the valence band is composed of
lone pair electrons, whereas the conduction band is composed of
empty orbits. Adding low-electronegativity atoms into the glass
matrix increases the energy of the lone pair electrons and, in turn,
expands the valence band width.”* Therefore, adding the highly
electronegative I~ (2.66) and low electronegative Ag™ (1.93) ele-
ments into the glass network broadens the width of the forbidden
band and consequently increases the optical bandgap.”* For the
studied glasses, an increase in Agl broadens the optical bandgap. In
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fact, the influence of Ag and I atoms on the E, of glasses is totally
opposite. The electrophilic character of I in the studied glasses
plays beneficial roles in trapping lone pair electrons from S atoms
and exciting the electrons from filled to empty states.”” With an
increase of Agl, the conduction band is hardly affected, but the
valence band decreases. Consequently, the optical bandgap is
broader and the effect of I supersedes that of Ag®® and Eqpt
decreases with an increase of Ag. This can be attributed to struc-
tural transformation. The Ag atoms enter into the glass structure
and form their own connected structure.’>"”

2. Refractive index and other optical parameters

For all the studied glasses, the refractive index was measured

at a 1552nm wavelength laser and is given in Table II. The
(b)
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.
g
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FIG. 3. (a) Absorption coefficient for all the studied glasses. (b) Indirect bandgap for all the studied glasses.
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TABLE II. Measured refractive index (n) (at=1552nm), density (glcm®), molar volume (Vi cm®mol™"), molar refraction (Ry, cmmol™"), electronic polarizability
(0tpx 107 cm®) (Clausius Mossotti equation), (o, * 107 cm® (Lorentz-Lorenz equation), and measured indirect energy gap (Eg, €V) from UV-Visible spectra of the

prepared glass samples.

Toluene o (Clausius-Mossotti o, (Lorentz-Lorenz Eg (eV) (indirect
Glass code n (+0.0005) (£0.0006) Vi Ry equation) equation) bandgap)
Gl 2.7110 3.9256 16.67 11.32 5.00 4.49 1.62
G2 2.7021 4.1110 16.90 11.45 5.07 4.56 1.65
G3 2.7001 4.2895 17.15 11.61 5.14 4.61 1.68
G4 2.6643 4.3697 17.76 11.90 5.28 4.72 1.70
G5 2.6625 44380 18.40 12.33 5.47 4.89 1.72

refractive index has shown a decrease with an increase in silver
iodide. The molar volume was calculated using the density and
molecular weight. The molar refraction was calculated using the
Lorentz-Lorenz equation® [Eq. (4)]. The Lorentz-Lorenz equation
gives the average molar refraction for isotropic substances, which
include liquids, glasses, and cubic crystals,f’g’(’g

n2—1
Ry, == Vi 4
o= (B v W

The average electronic polarizability can be calculated from
the Lorentz-Lorenz equation by introducing the Avogadro’s
number and is given in Eq. (5),°>%

3
47L'NA

Ay = X Ry. (5)

Here, Ny denotes Avogadro’s number, which corresponds to the
number of polarizable ions per mole. The value of 3/47N, is

1 " 1 " 1 " 1 " 1 " 1

T <
175-185 cm 305-315 em™!

143-149 cm”™ G3

1}

Intensity (arb.units)

120

240 280 320

Raman Shift (cm™)

160 200

FIG. 4. Raman spectra for all the studied glasses (inset: magnified view of
peaks between 120 and 200 cm™").

known as a constant in the Lorentz function. Electronic polarizabil-
ity gives the magnitude of the electron response by applying the
electromagnetic field to the electron clouds. After substituting,
Eq. (5) becomes®**’

R,,
_ 6
Gm =55 ©

The Clausius-Mossotti relation is also used to know the elec-
tronic polarizability” and is given by Eq. (7),

2
nz_l) X (M) x 1073, 7)
n* 41 P

As clearly seen from Table II, the glass that contains the
highest silver iodide (G5) has shown the highest, while G1, with
the lowest Agl, has shown the lowest optical bandgap values among
all other glasses in the series. The refractive index of all the glasses
measured at 1552 nm is found to decrease with an increase in Agl
content. This is quite an unusual trend as density values increase
with the increase in iodine in glass composition and was also
observed by Guo et al.”’ In glasses, the refractive index is generally
determined by the molar refraction (R,,) and molar volume (V,).>*
The larger R,, and smaller V,, give rise to a larger refractive index
where V,, is related to density and R,, is related to ionic polariza-
tion. This implies that the higher the ionic polarization and density
of glass, the higher the refractive index will be. In the studied
glasses, both R,, and V,, increase as the addition of silver into
the glass network contributes to the formation of cross-link struc-
tures. As more and more Ag+ enters into the network, it breaks
As-S/Sb-S bonds and cross-links Ag-S bonds, thus lowering the
sulfur lone pairs. A decrease in lone pairs decreases the polarizabil-
ity, and it results in a decrease in the refractive index. Interestingly,
iodine forms terminal bonds with arsenic/antimony and enhances
the molar volume. The introduction of iodine or any halide into
the glass network usually decreases the refractive index and has
been observed in different glass networks studied previously.””~"*
In the studied glasses, polarizability values calculated using
Lorentz-Lorenz and Claussius—Mossotti equations have shown an
increment. In the absence of silver iodide, sulfur forms bonds with
arsenic and antimony, but when silver iodide enters the glass
matrix, it not only terminates the bond but also enhances the
molar volume, thus increasing the overall density as silver and

ap = 0.395 x (
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15,16,28,47,49,50,53,73-83

TABLE Ill. Raman shift along with peak assignments in the

prepared glasses (cm™").

Raman shift (cm™) Assignments

ARTICLE pubs.aip.org/aip/jap

Agl concentration. In Ag,S glasses, the Ag,S modifier compensates
the sulfur deficiency by converting bridging sulfur into terminal
sulfur, thereby releasing its own sulfur species. However, this com-
pensatory mechanism is not present in the case of Agl. Instead, the

143-149 Glassy or vitreous Sb,Ss introduction of silver halides leads to increased chemical disorder,
175-185 Sb-I vibrations in Sbl; molecules characterized by the formation of As-As homopolar bonds, which
222-227 As—-As homo polar bonds arise due to the absence of sulfur in AgI.ZS’82 A shoulder peak near
269-276 SbS;_, I, mixed structure 265-276 cm™ " is observed in all the glasses and can be attributed to
305-315 Asymmetric stretching vibrational modes of the formation of the SbS;_Ix mixed structure, and a small

AsSs/, pyramids enhancement can be observed with an increase in iodine.'>'**>"
361-370 AsS; pyramids connected by S-Ag-S linkage The enhancement in the peaks of Asl; pyramidal and SbS;_,I,

iodine have opposite effects on the network.”” Along with the
refractive index, the optical bandgap shifted toward a lower wave-
length, and as previously stated, iodine plays an important role
here.

D. Raman spectroscopy

To elucidate the structural evolution of the studied glasses,
Raman spectra (120-400 cm™") are recorded and are shown in
Fig. 4. The deconvoluted Raman spectra are given in Fig. S6 in the
supplementary material. We have reported and recorded spectra for
all our glasses. The Raman peaks below 120 cm™" were not taken
into consideration due to the complications in identifying them
accurately. Table III discusses the different types of bonds present
in prepared glasses along with peak assignment and
references.””’” ' The Raman spectra exhibited the peaks between
143 and 149, 175 and 185, 222-227, 269-276, 305-315, and
361-370 cm™"' depending upon the glass composition. All glasses
in the series have shown a small peak around 143-149 cm™. This
peak arises due to Sb-Sb bond vibrations in SbSb;;; structural
groupings in glassy or vitreous Sb,S; units’”’* and was also
observed in our previous studies on As-Sb-S-I chalcogenide
glasses.” A small peak in the range of 175-185cm™" is exhibited
by all the glasses, and its intensity increases with an increase in Agl
content. This peak belongs to the low energy Sb-I bond vibrations
in Sbl; molecules.”””® The addition of silver iodide to the As-Sb-S
glass network promotes the formation of Sb-S-I/Sb-I bonds,
increasing the intensity of this bond as Agl increases. The peak
near 222-227 cm™" is observed only in those glasses that contain
6-10mol. % of silver iodide and not in glasses with a lower

units explains the decline in thermal properties as observed from
Table I. An increase in iodine from 2 to 10 mol. % helps in termi-
nating S-Sb-S/S-As-S bonds and promotes the formation of SbSI/
AsSI bonds. Formation of these lower energy Sb-I/As-I terminal
bonds also plays an important role in the red/blue shift in optical
properties and also contributes toward the refractive index as men-
tioned in Secs. I1I C 1 and I1I C 2. The basic chemical reactions for
the changes happening in As-Sb-S glasses after introducing silver
iodide are given in Fig. S7 in the supplementary material.

The broad peak near 308-320cm™" is observed in all the
glasses and is responsible for the vibrations of atomic pairs of anti-
mony, arsenic, and sulfur in the structural units of SbS; and AsS;
interconnected via two coordinated sulfur atoms.””™*"*’ The peak
near 361-370cm™" is observed in all the glasses and a small
enhancement can be seen with an increase in silver content. This
peak is related to S-S-Ag bonds connecting AgS; pyramidal

units 79,81,83

E. Bulk mechanical properties

In order to understand the changes in the glass network with
an increase in Agl, bulk mechanical properties have been studied
through ultrasonic velocities that are measured at room tempera-
ture. From measured ultrasonic velocities and density, values of
longitudinal, shear, bulk, and Young’s moduli were calculated by
using standard formulas.*>* All the calculated parameters are
listed in Table IV along with standard error bars. The addition of
silver iodide decreased the ultrasonic velocities owing to network
loosening by iodine. Though a decrease in velocities indicates the
decline in rigidity of the glass network as well as elastic moduli, ter-
minal bond formations/loosening of the network favors its conduc-
tivity. All the calculated values of elastic moduli have shown similar
trends as velocities.

TABLE IV. Measured longitudinal velocity (V, m/s™") and shear velocity (Us, mis™") at a 5MHz frequency, calculated longitudinal modulus (L, GPa), shear modulus
(G, GPa), bulk modulus (K, GPa), and Young's modulus (E, GPa) of all prepared glasses.

0€:1€:60 ¥20 IdY 60

Sample code Gl G2 G3 G4 G5

Longitudinal velocity (£6) 2658 2638 2546 2454 2310
Shear velocity (+3) 1484 1469 1377 1344 1308
Longitudinal modulus (+0.06) 28.95 28.80 27.57 26.06 24.18
Shear modulus (+0.04) 9.02 8.93 8.06 7.82 7.75
Bulk modulus (+0.02) 16.91 16.89 16.82 15.64 13.84
Young’s modulus (+0.05) 22.98 22.78 20.86 20.09 19.60
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FIG. 5. Nyquist plot for all studied glasses at 100 °C. Inset: (a) magnified view
Nyquist plots of glasses G3 and G4. (b) Magnified view of the Nyquist plot for
glass G5. (c) Magnified view of the Nyquist plot at the higher frequency side of
glass G5.

F. AC conductivity by impedance spectroscopy

Impedance spectroscopy is a widely used technique that
employs the creation of an equivalent electric circuit model, whose
elements consistently represent the electrical properties of the
material from the aspect of physico-chemical characteristics of its
structure.”®” In impedance spectroscopy, the representation of
impedance (resistance and reactance) as a function of frequency is
represented by using the Nyquist plot, which is a complex plane
representation. Here, impedance is plotted as a complex number,
with the real part of impedance on the x axis and the imaginary
part on the y axis. This technique has proven to be successful in
the characterization of high-resistant materials such as glasses,
whether they are composed of a homogeneous or a heterogenic
structure.”*>*” The sample bulk resistance, Rs, for glasses at 373 K
G1-G4 was determined by extrapolating the semicircle to the Z'

TABLE V. Compositional dependence of conductivity (s) (S/cm) for all temperatures.

ARTICLE pubs.aip.org/aip/jap

(X axis), and the Nyquist plot for all the glasses is given in Fig. 5.
The calculated conductivity values are given in Table V. From
Table V, it is clear that conductivity has increased from 1078 S/cm
for glass G1 to 107° S/cm for glass G5.

All the glasses in the series except glass G5 have a single semi-
circle with a straight polarization arm. The occurrence of this
polarization arm indicates a diffusion-controlled process’” or diffu-
sion of the ions in the material. On the other hand, glass G5 dis-
played two semicircles that are distinct and dissimilar, suggesting
the presence of some inhomogeneity within the glass. In SEM-EDS
studies, some non-uniform surfaces were also observed for glass
G5. In DSC, two different melting events were observed for the
glasses G3, G4, and G5, although both G3 and G4 did not display
two semi-circles in the studied frequency and temperature range.
For the same reason, we studied glass G5 in detail. As mentioned
previously, the first semicircle corresponds to the charge transfer
resistance, which is related to the diffusion of ions or electrons in
the material. This charge transfer resistance arises due to the move-
ment of charged species between the material and the electrode.
The second semicircle can arise due to the presence of
in-homogeneities/phase separation in the material, such as defects,
impurities, or different phases. These in-homogeneities can intro-
duce additional resistances and capacitances in parallel with the
charge transfer resistance, which can contribute to the appearance
of the second semicircle. The presence of two semicircles that are
distinct and dissimilar in glass G5 also represent two separate relax-
ation processes within the glass.”>*® Each process has its own relax-
ation time, which refers to the time it takes for the material to
return to its original state after being subjected to a perturbation.
As the temperature increases, the size of these semicircular arcs
decreases. To correlate the impedance response of the samples
under consideration, an electric circuit model consisting of a series
of two resistors (R) and constant phase elements (CPE) was used
to fit the experimental results. R-CPE denotes a resistor R in paral-
lel connection with a constant phase element CPE,**** and this
circuit is commonly used to describe one semicircle in the imped-
ance response of materials.”® Taking into account the phenomena
that emerge at the interfacial areas and are related to inhomogene-
ity and diffusion processes in the studied material,””’the CPE has
been introduced to accommodate the non-ideal Debye-like

Conductivity (S/cm) (o)

G5

Temperature (°)C Gl G2 G3 G4 o at R, catR,
30 2.03%x1078 5.91x 107

40 439x 1078 3.85x 1077 5.45x 1077
50 6.70 x 1078 3.26x1077 5.77 x107°
60 3.90x 1078 9.63x 1078

70 6.80x 1078 1.51x1077 1.36x107° 5.94 %1078
80 1.17 x 1077 3.22x1077 1.81x107° 8.66x 1078
90 236x1078 2.00x 1077 5.19%x1077 2.51x107° 1.40 x 1077
100 1.04x 1078 3.08x 1078 3.35x 1077 8.47x1077 3.53x107° 1.48x 1077
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TABLE V1. Parameters R; (resistance from the boundary surface between different phases), R, (resistance of the amorphous phase), Q; and Q, (capacitance of the disper-
sive element), m (deviation parameter for indicating homogeneity), and {(relaxation time) derived from impedance spectra analysis for glass G5 for selected temperatures.

T (°C) R; () R, (Q) Qi (nF) Q (PF) m; my Ty (us) T, (ms)
70 2115700 86 137 4.32 437 0.8431 0.7954 10.97 46.37
80 1486 500 64 086 4.14 470 0.8576 0.7944 7.17 3791
90 921 550 46 324 3.69 563 0.8783 0.7865 3.87 33.18
100 872090 32803 3.77 605 0.8786 0.7853 3.74 25.23

behavior of the capacitance.”*”' The CPE is a general form of a value Q. It represents how much the CPE element resists the
capacitor, which represents a power-law dependence on frequency current. The value of m determines the phase behavior of the CPE

in the impedance response. The impedance of a CPE element is element. It determines whether the CPE element behaves as a
defined by the relation given in Eq. (8),56:8 capacitor (m <0), resistor (m =0), or inductor (m >0). The imped-
ance of the CPE element can be determined by varying the values
Zepe = Q7 x (jo) ™, 8) of o, Q, and m. Fitted parameters for glass G5 are given in
Table VI. The fitted spectra for glass G5 for temperature
where @ is the angular frequency, whereas Q and m (0 <m<1) are (70-100°C) are given in Fig. 6 and for (30-50°C) are given in
parameters whose values are determined by fitting the data. The Fig. S8 in the supplementary material. From Fig. 6, it can be
impedance’s magnitude or strength is determined by the constant observed that the second semicircle becomes more pronounced
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FIG. 6. Fitted (green lines) and experimental (scatter) impedance spectra for glass G5 from 70 to 100 °C. The inset shows the equivalent circuit model used for data
analysis (R and Ry: resistor and CPE1 and CPE2: constant phase element).
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with an increase in temperature from 30 to 50 °C. Figure 6 shows
that there is a satisfactory agreement between the fitted (line) and
experimental (scatter) data. The fitting errors for all the parameters
were lower than 3%. Using estimated values of parameters R, Q,
and m, the relaxation time was calculated by expression t=(R-Q)
1/m,*>”* and they are also listed in Table VI. Conductivity calcu-
lated from fitted spectra of glass G5 is given in Table V. The signifi-
cant decrease of parameters R; and R, as a function of temperature
corresponds to an increase in AC conductivity. It also signifies a
shift of the valence band toward the Fermi level.*>”*”* Tt is caused
by the occurrence of defects generated by the presence of silver
atoms and the partially ionic nature of Ag-S chemical bonds in the
studied glass system.”” From Table VI, it can be observed that the
value of dispersive element Q, is higher compared to that of Q,,
which indicates that there is intense accumulation of charge carri-
ers at the boundaries of separated phases, which relaxes at a lower
frequency range.” The lower values of m; and m, indicate that

ARTICLE pubs.aip.org/aip/jap

there is a certain level of inhomogeneity in the glass structure.’
There is a sharp decrease in the relaxation time (t) with an increase
in temperature. Because chalcogenide glasses are semiconductors, it
is expected that with an increase in temperature, the resistance
should decrease, thus increasing the conductivity. The relaxation
time also decreases as a function of temperature, signifying an
increase in the dynamics of the relaxation processes.”*”°

1. Frequency dependence of AC conductivity

The frequency dependence of AC conductivity for glass G5
from 30 to 100 °C is given in Fig. 7(a). From Fig. 7(a), the increase
in AC conductivity is evident from room temperature to 100 °C. In
the AC (alternating current) regime, the amorphous semiconduc-
tors such as chalcogenide glasses show dependence on temperature
and frequency.’ In amorphous semiconductors, the variations in
AC conductivity with frequency at different temperatures obey the
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FIG. 7. (a) Frequency dependence of log cAc conductivity for glass G5. (b) Temperature dependence of the Jonscher parameter (s1) for the lower frequency region and
(s2) for the higher frequency region for glass G5. (c) Jonscher parameters s for glasses G3 and G4. (d)Variation of dielectric constant for all studied glasses at 373 K

(inset: dielectric constant variation for glasses G1 and G2).
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the studied compositions at 100 °C.

power law given by the empirical formula proposed by Jonscher
and co-workers>”*™* and are given in Eq. (9),

oacl@,T) = A(T) x &7, 9)

where  is the angular frequency of the AC field, A(T) is a function
of temperature, and s (0 <s<1) is Jonscher’s parameter, which is
dimensionless.

In the present study, the values of s were calculated from the
slope of log(cac) vs log f for glass G5 from 30 to 100 °C and are
given in Fig. 7(b). Based on the data presented in Fig. 7(b), it is
evident that the values of Jonscher’s coefficient decrease with
increasing temperature, suggesting that there is an increase in the

_13 1 " 1 1 1 L 1
{(@)
Q G3
-14 O G4
Linear Fit
_ 15
€
(3]
N 16+ E =0.575eV
o
£
-17 4
-18
T T T T T
2.6 2.8 3.0 3.2 3.4
1000/T(K™)

potential barrier height.”*”” In the case of glass G5, two distinct

slopes are observed in the studied temperature range, suggesting
the presence of two distinct mechanisms of conduction, as depicted
in Fig. 7(a).This can be explained by using another term in
Jonscher’s empirical formula®”*~"*'"" and is given by Eq. (10),

caclw, T) = A(T) x oD + B(T) x 27, (10)

where A and B are constants that are temperature-dependent, and s;
and s, (0<s;,<1) are Jonscher’s parameters. The temperature
dependence of parameters s; and s, for the investigated samples is
given in Fig. 7(b). The s parameter values decreased with an increase
in temperature in glass G5. This behavior of s parameters is consistent
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FIG. 9. Arrhenius plots for activation energies of (a) glasses G3 and G4. (b) Activation energies for both high and low frequency semicircular arcs in glass G5.
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with the correlated barrier hoping (CBH) model.*”'°" The AC con-
duction mechanism in the materials is described by the nature of the
temperature dependence of Jonscher’s coefficient s.””'"* Generally,
the temperature dependence of the frequency exponent s suggests that
the CBH model proposed by Elliot'” is appropriate for explaining
the AC conduction mechanism in the studied glasses. As per this
model, the AC conduction mechanism can be explained by the corre-
lated barrier hopping of bipolarons, which occurs when two electrons
simultaneously hop over a potential barrier between D* and D™. The
barrier height is related to the inter-site separation via Coulombic
interaction.””'”” Bipolaron hopping is the primary or dominant
mechanism in the low and intermediate ranges due to the high dia-
magnetic defect states in those regions.””'* In the case of semicon-
ductors, many theoretical models have been proposed to explain the
parameter s. The s values for glass G3 and G4 are given in Fig. 7(c).

The dielectric constant € was determined by measuring the
dielectric loss factor tand of the samples.”®'"” The dielectric cons-
tant was calculated by using Eq. (11),

d ZI/
/
€= <coAgo 8 Z’”Z”z).)

Here, d is the sample thickness, A is the area of the sample,  is the
angular frequency, Z' is the real part of impedance, Z” is the imagi-
nary part of impedance, and g is the vacuum permittivity.

The variation of the dielectric constant is shown in Fig. 7(d).
As the amount of Agl in the samples increases, the dielectric cons-
tant also increases. Additionally, for all the samples, an increase in
temperature leads to an increase in the dielectric constant. The
dielectric constant is higher at lower frequencies and gradually
decreases with an increase in frequency until it becomes almost
constant. This can be attributed to the inability of the electric
dipole to respond to changes in the applied electric field.

Furthermore, as the temperature increases, the magnitude of
the dielectric constant also increases because more and more
dipoles are able to align themselves along the field, resulting in a
higher dielectric constant.'’>'’® The variation of real and imagi-
nary parts with the frequency at 100 °C for all the glasses is repre-
sented in Fig. 8. From Fig. 8(a), it is clearly seen that the real part
7' decreases with an increase in silver iodide, indicating the
enhancement in conductivity. The Z"or imaginary part spectra of
each glass [Fig. 8(b)] are characterized by the appearance of only
one peak at a certain frequency f,,,, called the relaxation frequency.
In all the glasses from G1 to G4, there is a single relaxation process
as only one f;., is observed in the studied frequency range.
However, in glass G5, it can be observed that there is the possibility
of the appearance of another peak, indicating two relaxation pro-
cesses. The activation energy for each sample was determined from
the slope of the linear plots using the Arrhenius equation®* and is
given in Eq. (12),

1m)

Es
OAac =09 X &Xp| —5—F= |> (12)
P\ ket

where o, is the pre-exponential factor, E, is the activation energy,
Kp is the Boltzmann constant, and T is the temperature in kelvin.
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Arrhenius plots for G3, G4, and G5 glasses are given in Fig. 9.
A complete semicircle and polarization arm were observed only at
100 °C for G1 and from 80 to 100 °C for G2. For the same reason,
no activation energies were calculated for Gl and G2. From
Fig. 9(a), it is clear that activation energy started decreasing with an
increase in the silver iodide content. Figure 9(b) shows activation
energies at two different frequency regions for glass G5. The activa-
tion energy is two times greater at a higher frequency region com-
pared to that of a lower frequency region. As per Ma et al,'” the
linear nature of Arrhenius curves also indicates that conductivity is
thermally activated. As per Luki¢-Petrovi¢ et al.,”” values of activa-
tion energy E, represent the energy difference between the Fermi
level and mobility gap edge, so the decrease in the activation
energy can be interpreted as a consequence of the Fermi level shift
toward the band of delocalized energy states. As per Luki¢-Petrovi¢
et al,”” this occurs due to the existence of a higher number of
defects in the more complex structures at an increased metal
content and is also observed in the studied As-Sb-S-AgI glasses.

IV. CONCLUSION

The effect of replacing sulfur with silver iodide on structural,
thermal, optical, mechanical, and electrical properties was investi-
gated. The XRD analysis confirmed the amorphous nature of all
the glasses, while the SEM-EDS analysis confirmed there was no
loss in constituent elements, including iodine, in the final glass
composition. Raman spectroscopy results indicate the formation of
large numbers of As-I and Sb-I terminal bonds and enhancement
in S-S-Ag or As-S-Ag bonds with an increase in Agl content. The
structural changes in the glasses show an increase in Agl content,
increased density, and electrical conductivity, while thermal and
mechanical properties have shown a decline due to the increase in
the formation of terminal bonds by iodine. The glasses have shown
excellent transparency in the mid-infrared region, with the longer
wavelength cutoff extending beyond 11 um. Optical bandgap ener-
gies (E,) have also shown that the glass with a higher silver iodide
content has a wider optical bandgap energy. The increase in con-
ductivity and simultaneous decrease in activation energy occurred
with an increase in silver iodide concentration in the glass network.
The non-uniform surface or inhomogeneity that was observed in
SEM-EDS analysis of glass sample G5 was further confirmed by
impedance spectroscopy as glass G5 displayed two unidentical
semi-circles, indicating two different relaxation processes and also
inhomogeneity present in the glass network. The nature of varia-
tion of AC conductivity is found to obey Jonscher’s power law, and
the values of exponent s suggest that the correlated barrier hopping
model (CBH) is the most suitable model to characterize the electri-
cal conduction mechanism of all prepared glasses. The dielectric
constant € has shown an increase with an increase in Agl and also
increased with an increase in temperature in every studied glass
sample. The present research work also proved the importance of
impedance spectroscopy in detecting inhomogeneity or clustering
present in the glass.

SUPPLEMENTARY MATERIAL

The supplementary material presents the mole percent ratios
of constituent elements from SEM-EDS data (Tables Sland S2),
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SEM-EDS micrograph displaying inhomogeneity in glass G5
(Figs. S1-S4), DSC thermograms displaying melting events of
glasses G1 and G2 (Fig. S5), deconvoluted Raman spectra (Fig. S6),
basic chemical reaction of Agl with the As-Sb-S host glass
(Fig. S7), and fitted impedance spectra for glass G5 (30-100 °C)
(Fig. S8). All the explanation regarding supplementary figures and
tables is explained in the manuscript itself.
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