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Abstract

Objectives: Germanium telluride based glasses, due to their wide transparency range and high refractive index, are promising
optical materials for the middle infrared range. The tendency of such glasses to crystallize, which limits their practical
application, requires the search for new compositions and the study of their properties. The aim of this work was to
investigate the stability against crystallization and optical transparency of (Ga, Ge,  Te,.),, (AgD), (x=0-15mol %) glasses
as new materials for fiber optics.

Experimental: The glasses were analyzed using differential scanning calorimetry, scanning electron microscopy combined
with X-ray spectral microanalysis, and near- and mid-infrared spectroscopy. The main goal of the work is the establishment
of high stability against crystallization of the studied glasses with a silver iodide content of 5-15 mol %.

Conclusions: This makes it possible to consider such glasses as one of the most promising materials for the production of
fibers with low optical losses in the spectral range of 4-15 pm.
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1. Introduction

Glasses based on the Ge — Te system are
among the most promising optical materials for
the middle infrared (mid-IR) range [1]. They have
a wide transparency window extending from 2 to
30 pm (some compositions up to 35 pym [2]) and
high refractive index values [3]. Optical fibers
made of glasses based on the Ge-Te system are
transparent up to 16 pm [4]. Therefore, these
materials are used for the production of fiber-
optic sensors [4, 5], transmission of CO, laser
radiation with operating wavelengths of 9.3 and
10.6 um [6], and for solving problems related to
space exploration [7, 8].

The main disadvantage of glasses based on the
Ge-Te binary system is a pronounced tendency
to crystallization [9]. To increase their stability
against crystallization, components promoting
glass formation are added to their composition.
The most suitable of these components is silver
iodide. To date, glasses of the Ge — Te — Agl
system are the only representatives of germanium
telluride glassy materials that do not crystallize
upon heating during analysis by differential
scanning calorimetry at a heating rate of 10 K/
min [10, 11]. The crystallization stability of these
materials allows them to be used to manufacture
optical fibers. However, optical losses in these
fibers are high compared to Ge-S and Ge-Se
systems [12]. One of the main reasons for this
is partial crystallization of samples during fiber
drawing [4]. Recently, the authors of the work
fabricated a (Ge, Te ). (Agl),, glass fiber with
optical losses of less than 1 dB/m in the spectral
range of 7.2-10.9 pym, which is a record among
telluride systems [13]. One of the key areas for
further reduction of optical losses in germanium
telluride fibers is optimization of the chemical
composition of the glass. In this regard, the study
of novel glasses based on the Ge-Te—-AgI system
is an actual scientific task.

The aim of this work was to investigate the
stability against crystallization and optical
transparencyofglasses of the (Ga, Ge . Te..),,, . (Ag])
. (x=0-15 mol %) system as new materials for
fiber optics. The choice of the system was due to
the higher glass-forming ability of Ga — Ge — Te
glasses compared to binary Ge — Te compositions.
Within the Ga — Ge - Te system, one of the most
stable against crystallization is the Ga, Ge Te.
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composition [14], which was chosen as the base
variant. There is only one publication in the
literature on the study of the properties of glasses
of the (Ga, Ge Te. ), (Ag]), system, the results
of which indicate an unexpectedly low stability
against crystallization [15], which, in the authors’
opinion, requires clarification.

2. Experimental
2.1. Glass preparation

To avoid any misunderstandings in the
chemical composition of telluride glasses
containing silver iodide, available in the literature
(e.g., [2] and [16]), the equations used to specify
the component ratios are given below:

y(Ga)=0.1x(100-2x), ¢))
y(Ge)=0.15x(100-2x), (2)
y(Te)=0.75x(100-2x), (3)
y(Ag)=n(D)=x, 4)

where y(...) is the component concentration,
at. %; x is the variable in the formula
(GaIOGeISTe75)100—x(AgI)x'

To prepare the glass, 6N gallium (JSC
“Lankhit”, Moscow, Russia), 5N germanium (JSC
“Germanium”, Krasnoyarsk, Russia), and 5N
tellurium (JSC “ADV-Engineering”, Zelenograd,
Russia) were used. Silver iodide was prepared by
passing 3N iodine (JSC “Khimreaktiv”, Russia)
over metallic silver (JSC “Novosibirsk Rare Metals
Plant”, Russia) in a vacuum silica-glass reactor.
The iodine was preliminarily triple sublimated to
remove metal impurities and water.

The (Ga,,Ge Te..),, (Ag]) glasses were
prepared by melting the batch in silica-glass
glass ampoules with an internal diameter of 7
mm and a wall thickness of 1.5 mm. The ampoules
were pre-washed with a mixture of hydrofluoric,
hydrochloric, and nitric acids, deionized water,
then dried and baked in a flow of especially pure
oxygen at 980 °C to remove OH groups [17]. The
batch was evacuated to a residual pressure of no
more than 10 Pa, the ampoules were sealed-
off. The homogenization of the glass-forming
melt was carried out in a rocking muffle furnace
at a temperature of 750-850 °C, depending on
the glass composition, for 6 hours. The melt was
quenched by quickly immersing the ampoules in
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water. To relieve mechanical stress, the glasses
were annealed at 150-170 °C for 30 minutes,
with subsequent cooling to room temperature
in the furnace off mode. To extract the samples,
the ampoules were cut with a diamond disk.
The resulting glass samples had compositions
of (Ga,,Ge,Te ), (AgD), (x=0,3,5,8, 10, 12,
15) in the form of cylindrical rods up to 100 mm
long. For brevity, the samples were designated
as GGTAI-x.

2.2. Differential scanning calorimetry

The samples were investigated by means of
differential scanning calorimetry (DSC) using
an STA 409 PC Luxx microcalorimeter (Netzsch,
Germany) in a high-purity argon flow in the
temperature range of 50-450 °C at a heating
rate of 10 deg/min. The measurements were
carried out in aluminum pans, the mass of the
samples in the form of irregularly shaped pieces
was ~30 mg. Preliminary calibration of the device
using standard samples ensured a temperature
measurement accuracy of = 0.1 °C. The error in
determining the glass transition temperature
(T, the onset of crystallization (T ), and the
onset of crystal melting (T ) was 2 °C; the error
in determining the temperature of maximum
crystallization (T,) was *1 °C. The generally
accepted criterion AT =T - T, [18] was used as
a parameter characterizing the glass stability
against crystallization. According to established
practice, glasses with a AT value > 120 °C are
suitable for drawing optical fibers [19].

To increase the reliability of the DSC analysis
results, as one of the key analytical methods
in this study, repeated measurements were
performed on additionally synthesized glass
samples. Glass with the (Ga Ge Te.,),,(Agl),
composition was additionally studied at heating
rates of 2.5 and 5 K/min.

2.3. Scanning electron microscopy

The stability against crystallization of the
glasses was additionally studied by means of
scanning electron microscopy (SEM). The analysis
was performed using a JSM-IT300LV electron
microscope (JEOL) with backscattered and
secondary electrons. The elemental composition
of the surfaces was measured by means of energy-
dispersive X-ray microanalysis (EDXMA) using an
attachment with an X-MaxN 20 detector (Oxford
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Instruments). For the study, disc-shaped samples
with parallel-plane polished faces were used.
The samples were pre-annealed for 1 hour in
evacuated silica-glass ampoules at a temperature
of T +120 °C, corresponding to the conditions
for érawing fiber. After annealing, the samples
were re-polished to remove vapor condensation
products from their surfaces.

2.4. IR spectroscopy

The transparency of the glasses in the spectral
range of 2—25 ym was studied using a Fourier-
transform IR Tensor 27 spectrometer (Bruker,
Germany) at a resolution of 4 cm™'. The samples
used for the measurements were 2-mm-thick
disks with parallel-plane polished edges. Based on
the obtained data, absorption coefficient spectra
o(L) were plotted:

In(T (L))

l )

where T()) is the transparency; [ is the sample
thickness (cm).

To clarify the position of the short-
wavelength transparency edge of the glasses,
additional measurements were carried out
in the spectral region of 1-3 ym using a UV
3600 spectrophotometer (Shimadzu, Japan)
at a resolution of 2 nm. The energy of direct
optical transitions and the corresponding
short-wavelength transparency edge were
determined using the generally accepted
method for chalcogenide glasses in coordinates
(ahv)? = f(hv), where a is the absorption
coefficient, h is Planck’s constant, and v is the
radiation frequency [20].

o) = (5)

3. Results and discussion
3.1. Stability against crystallization

The DSC heating curves of the prepared
samples are shown in Fig. 1a. The curves exhibit
devitrification ranges typical for glasses. For
samples GGTAI-0 and GGTAI-3, an exothermic
peak of glass crystallization and an endothermic
peak of crystal melting are observed. The curve for
sample GGTAI-5 shows weak endothermic signals
in the 320-340 °C range, the nature of which
requires clarification (melting of a small amount
of the crystalline phase or fluctuations associated,
for example, with the non-stationarity of the inert
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gas flow). The characteristic temperature values
of the samples are given in Table 1. The glass
transition temperature decreases monotonically
with an increase in the silver iodide content
(Fig. 1b). From the standpoint of the structural
approach, this is due to a decrease in the overall
connectivity of the glass network due to the
“loosening” effect of iodine, and an increase
in the ionic nature of chemical bonds [21, 22].
Fig. 1b (curve 2) shows the dependence of T, on
the average coordination of atoms in glass < r >,
calculated using the equation:

2026;28(1): 115-125

Stability against crystallization and optical properties of (Ga, ,Ge,.Te,.), ., (Agl)....

(=%, (6)
where r, is the coordination number of the i-th
atom; x, is the atomic fraction [23]. In accordance
with the literature data for chalcogenide glasses,
it was assumed thatr, =4,r, =4,r, =2, Fhg = 3;
r, = 1[24-27]. The obtained dependence fits the
general trend for glassy materials of decreasing
T, with a decreasing average coordination number
[28].

According to the obtained results, glasses
with a silver iodide content of 5-15 mol % do not

<p>
2.35 2.40 2.45 2.50
_. 7 o 7' P T T T T T
P
.4__—/\_—4___———__—ﬁ‘-
E | ____6.7 < 1761 ‘ ‘
%_ 1 P S 6 '\ ‘/2
S L 5 1 ~— /J \
172
168 - / \
164 - ‘/’
/‘ 1 1
1604 <
T T T T T T T T T T T T 156 T T T T T T T T lI)
100 150 200 250 300 350 400 0 3 6 9 12 15
T,°C x(Agl), mol. %

Fig. 1. The DSC heating curves of (Ga, Ge Te ), (AgD) (x=0,3,5,8,10, 12, 15) glasses based on the results
of two independent experiments (a) and the influence of silver iodide content (1b) and average coordination

of atoms (2b) on their glass transition temperature

Table 1. Characteristic temperatures, energy of direct optical transitions and position of the short-

wavelength transparency edge of (Ga, Ge Te, ) , (Ag]) glasses
Sample T,*2°C T,*2°C | AT, *2°C | T,*#1°C | T,,*2°C |E,2*0.013B|%,,*2nm
GGTAI-0 175 289 114 308 357 0.59 2116
GGTAI-3 174 290 116 312 339 0.63 1981
GGTAI-5 173 - - - - 0.64 1925
GGTAI-8 169 - - - - 0.65 1899
GGTAI-10 165 - - - - 0.66 1884
GGTAI-12 164 - - - - 0.67 1840
GGTAI-15 160 - - - - 0.70 1771
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crystallize during DSC analysis at a heating rate
of 10 K/min. This refutes the previously presented
data on the crystallization stability of glasses
of the (Ga, Ge Te.),, (Ag]), system [15]. The
authors of that work reported crystallization of
glasses upon heating to 259-266 °C. Moreover,
the disappearance of the exothermic peak of
crystallization in the studied system occurs at
lower concentrations of silver iodide compared
to the (GeTe)),, (Agl), system [10]. This is due
to the increased crystallization stability of the
Ga Ge Te  base glass.

To further confirm the stability of the studied
glasses against crystallization, Fig. 2 shows the
DSC curves of the GGTAI-8 sample at lower
heating rates: 5 and 2.5 K/min. The choice of
the composition for the study is due to the fact
that for practical applications it is desirable that
crystallization stability be achieved with the
minimum possible content of silver iodide. This is
due to the low chemical stability of chalcogenide
glasses with high iodine content. A decrease in
the thermal scanning rate does not lead to the
appearance of an exothermic crystallization peak,
which indicates a high glass-forming ability of
the sample. From the obtained data, the enthalpy
of glass transition activation [29] was calculated
using the equation:

=1)]
E
2
Si 1
0.2
2
0.1 —//\/W//v_\
| 3
o0 _M
a

T T T T
100 150 200 250 300 350 40
T,"C
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e

dinV _ AR
dr, R’

(7

where V is the heating rate, K/min; R is the
universal gas constant, J/(mol-K). The obtained
value was 320 * 25 KkJ/mol. This parameter does
not provide direct information on the
crystallization stability of glasses. However, it was
found that is close in value to the enthalpy of
activation of viscous flow [30], which is used to
calculate relaxation processes in glasses and
evaluate the kinetic criteria of glass formation.
Fig. 3 shows SEM images of the surface of
samples GGTAI-3 and GGTAI-12 after annealing
at a temperature of T+ 120 °C. Low contrast due
to the small size and concentration of crystals
prevented the detection of clusters of crystalline
inclusions on the polished surface. Clear images
of the crystalline phase were captured in pores
measuring 100-300 um, formed due to partial
evaporation of volatile glass components.
Such pores can act as crystallization centers
for the glass. All pores in sample GGTAI-3
contained a high concentration of crystals
(estimated, > 30 vol. %) with an average size of
2 pum. In samples with a silver iodide content of
5-15mol %, crystalline inclusions were captured
inindividual large pores, and their proportion did

2.4+

2.0+

1.6

1.2 4

0.8 b [ T S
224 225 226 227 2.
1000/7, K"

28

Fig. 2. DSC heating curves of the GGTAI-8 sample at heating rates of 10 K/min (1a), 5 K/min (2a) and 2.5 K/
min (3a) and linearization of the InV dependence on 1/Tgt0 determine the enthalpy of glass transition activa-

tion (b)
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3 3 oy %‘9 A T |
Fig. 3. Electronic images of the surface of the GGTAI-3 and GGTAI-12 samples after annealing at Tg +120 °C
for an hour; a - pore in the GGTAI-3 sample; b — pore in the GGTAI-12 sample; c — image of crystals inside the

pores of the GGTAI-3 sample; d, e — corresponding this image shows the distribution maps of Te and Ge

not exceed 10 % of the pore volume. According to
the element distribution maps over the surface
of the samples, the forming crystalline phase
corresponds to tellurium. This is consistent with
known literature data on the crystallization
of telluride glasses [14, 16]. The total volume
fraction of crystalline inclusions in the annealed
samples did not exceed 1 vol. % (the detection
limit of the crystalline phase in the glass matrix
for X-ray phase analysis under the used imaging
conditions). In reality, when drawing fiber from
a rod [4], the time the sample is kept at the
maximum process temperature does not exceed
5 min. This suggests that, under actual drawing
conditions, GGTAI-5-GGTAI-15 glasses will not
undergo crystallization.

The observed high stability against
crystallization of the (Ga, Ge Te. ), (AgD),
(x = 5-15 mol %) glasses may be due to several
factors, including various approaches to glass
formation. Some of these are listed below:
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T Ge

- approaching the optimal average
coordination of atoms with an increase in the
proportion of silver iodide, which, according to
the topological Phillips criterion [23], for glasses
with a three-dimensional structural network
corresponds to a value of 2.4. This criterion,
however, does not explain the difference between
the glass-forming ability of the Ge — Te — Agl and
Ga - Ge —Te - Agl systems due to the close values
of the coordination numbers of germanium and
gallium in chalcogenide glasses;

- complication of the glass network structure
due to the formation of structural fragments of
the [MeTe, I type, where Me = Ge, Ga;x=0-4
[24, 25, 31]. This explains the increase in the
glass-forming ability of germanium telluride
glasses with the addition of gallium, associated
with the appearance of new [GaTe ke structural
units;

— a decrease in the liquidus temperature (or
glass transition) in the (Ga Ge Te ), (Agl)
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system with an increase in the proportion of Agl
while maintaining a relatively high average bond
energy, corresponding to the modified San-
Rawson criterion [28]. This criterion is mainly
fulfilled due to the formation of strong Ga-I
chemical bonds during structural transformations
of the type

[GaTe,] + xAg-1 = [GaTe, ]I +xAg-Te. ®)

The corresponding bond energies have
the following values (in kJ/mol): E_ , = 339;
Eg, 4. = 265 E, = 252; E, . =196 [32]. The
formation of the silver telluride phase during the
distillation of Ge-Te-AgI glasses, confirming the
possible occurrence of the indicated process, was
reported earlier in [33].

The presented arguments do not claim to
strictly substantiate the glass-forming ability
of the (Ga, Ge Te,), . (Ag]), system, but they
indicate the naturally expected high stability
of glasses against crystallization, which was
confirmed experimentally in this work.

3.2. Optical transparency

The absorption spectra of the prepared glasses
in the spectral range of 2-25 yum are shown in
Fig. 4a. The spectra exhibit intense absorption
bands in the range of 15-20 um, corresponding

1
-]
]

=)
1

Absorption coefficient, cm’
£
|

5 10 15 20 25
Wavelength, pm
Fig. 4. Absorption spectra of the (Ga, Ge Te

75)100-
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to the gallium oxide impurity. This impurity is
present in the initial gallium and additionally
appears during the glass synthesis process due to
the reduction of germanium and tellurium oxides
due to the high thermodynamic stability of Ga,O,
(A,G"(298.15)=-998.339 [34]). This explains
the low (below the detection limit) intensity of
the absorption bands from the impurities of the
oxides of the remaining glass components. There
is no generally accepted criterion in the literature
for assessing the long-wavelength transparency
edge of chalcogenide glasses. In this work, the
absorption coefficient value at a wavelength of 23
pm was used as such a comparative characteristic,
since the maximum of the intrinsic absorption
band of the glass matrix, which limits the
transparency of optical fibers, is located in this
region. Fig. 4b shows the obtained dependence
of o on the silver iodide content. An increase
in the proportion of Agl in the glasses leads to
a decrease in the intensity of this absorption
band. As was shown in [2] from a comparison
of the transmission spectra of glasses of the
(GeTe,),,, (Ag]) and (GeTe,) , Ag systems,
the observed broadening of the transparency
window is due to the influence of iodine. In the
harmonic approximation, the vibration frequency
of atoms is proportional to the square root of

i
n o—
£ 5.6 ‘\.
12 \
2
£ *
=]
9
= 5.24
L2
R
(=%
i
=]
w
=
< 48- e
4.4
[
\.
b
s
0 3 6 9 12 15

x(Agl), mol. %

(Agl) glass system in the range of 2-25 microns (a) and the

dependence of the absorption coefficient at a wavelength of 23 microns on the glass composition (b). 1la: x =
0;2a:x=13;3a:x=>5;4a:x=8; 5a: x=10; 6a: x=12; 7a: x = 15. The thickness of the samples is 2 mm

121



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl

E.A.Tyurina et al.

the ratio of the force constant of the bond to
the reduced mass [35]. Since the atomic mass
of T (126.90447(3) a.m.u.) is less than that of
Te (127.60(3) a.m.u.) [36], the observed effect is
due to the destructive action of iodine on the
structural network, i.e., a decrease in the force
constant. The sharp change in absorption in the
range of silver iodide content of 8—12 mol % could
be caused by the structural rearrangement of the
glass network from three-dimensional to layered
and pseudo-chain, described, for example, in [37]
for the Ge—Se-I system. This effect also manifests
itself in the dependence of T, on the composition
of the glasses (Fig. 1b).

The near-IR transmission spectra of glasses,
the calculated E, values (Fig. 5), and the
corresponding positions of the short-wavelength
transparency edge A, are shown in Fig. 6 and
Table 1. An increase in the Agl content in glasses
leads to an increase in E_and a shift of 1, to the
short-wavelength region. According to generally
accepted concepts, the energy of direct optical
transitions in chalcogenide glasses is determined
by the band structure of the short-range order
elements of the glass network [38]. Based on
this, the observed changes are associated with
higher E_ values for germanium and silver iodides

2026;28(1): 115-125
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0.4 0.5 0.6

hv, eV

Fig. 5. Graphical determination of the direct optical
transitions energy of (Ga, Ge Te ) . (Agl) (x=0,3,
5, 8, 10, 12, 15) chalcogenide glasses in coordinates
(ahv)2 = f(hv)

compared to germanium telluride: E,=0.742 eV
for trigonal GeTe [39], 2.8 eV for Gel, [40],2.37 eV
for cubic Agl [41]. In addition, the position of
the short-wavelength transparency edge and
its absolute value can be affected by the phase
homogeneity of the glass, which increases
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Fig. 6. Transmission spectra of the (Ga, Ge Te. ), . (Agl), glass system in the range of 1-3 microns (a) and the
dependence ong (1b) and 1, (2b) on the composition. 1a: x = 0; 2a: x = 3; 3a: x = 5; 4a: x = 8; 5a: x = 10; 6a:

x=12; 7a: x = 15. The thickness of the samples is 2 mm
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with the addition of Agl due to the increased
crystallization stability of the glasses. The
most important positive result of shifting & to
the short-wavelength region for glasses is the
potentially more efficient pumping of rare earth
elements in doped samples used as IR radiation
sources [42]. For fiber sensor element materials,
shifting the short-wavelength edge will improve
the sensitivity to detecting substances absorbing
in the 2-4 ym range (water, methane, etc.).

The results obtained indicate that the addition
of silver iodide to Ga,,Ge . Te. . glass significantly
improves its stability against crystallization and
optical properties. This makes these materials
promising competitors to Ge — Te — Agl glasses,
which have been used to manufacture optical
fibers with relatively low optical losses [4, 13].
Further research in this area could be aimed at
optimizing the ratio of components of the base
Ga - Ge - Te glass to more improve its stability
against crystallization and at developing methods
for producing Ga — Ge - Te — Agl glasses with
extremely an low content of absorbing impurities.

4. Conclusions

Based on the results obtained in this work, the
following key conclusions can be drawn:

—glasses of the (Ga, Ge . Te.,), . (Ag]) system
with a silver iodide content of 5-15 mol % are
highly resistant to crystallization and do not
show exothermic signals during DSC analysis at
a heating rate of 10 K/min;

- increasing the silver iodide content in
(Ga,Ge Te.),,  (Ag]), glasses increases their
transparency in the long-wavelength region of
the spectrum due to a decrease in the intensity
of their intrinsic absorption bands;

— the fundamental absorption edge shifts to
the short-wavelength region from 2116 * 2 to
1771 = 2 nm, as the proportion of Agl in these
glasses increases from 0 to 15 mol %.

The obtained results makes it possible to
consider glasses of the (Ga,Ge Te, ), (Ag]) (x=
5-15mol %) system as one of the most promising
materials for the production of fibers with low
optical losses in the spectral range of 4-16 pym.
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