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Abstract: In this work, spark plasma sintering is used to mold non conventional chalcogenide
glasses of high refractive index at low temperature (<400°C). This equipment, usually used
for sintering refractory materials, is presented as efficient for both densification and high
precision molding of IR transparent bulks and lenses of telluride glasses. Thermo-mechanical
and optical characteristics of the selected Ge25Se10Te65 glass composition were investigated
showing a refractive index of 3,12@10 µm and with however a limited resistance to crystallization.
Mechanical milling of raw Ge, Se, Te elements leads to a major amorphous phase with the
formation of a small proportion of GeTe crystals. Remaining GeTe crystals induce a fast
crystallization rate during the sintering process leading to the opacity of the material. SPS flash
moldings were then performed using melt quenched glass powders to produce complex lenses.
It has been found that the critical parameter to reach optimal IR transparency is mainly the
powder granulometry, which should be superior to 100 µm to prevent from MIE scatterings. The
possibility of producing high refractive index infrared lenses has been demonstrated even with
unstable glasses against crystallization.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The chalcogenide glasses are known to be an important class of advanced functional material
for various applications in the photonic field: thermal imaging [1–4], biomedical sensors [5–7],
solid state batteries [8]. . . Since several decades, this family of glass represents a cost effective
alternative to single-crystalline germanium or polycrystalline ZnSe for IR optics. The commercial
demand for low cost thermal cameras is still growing and has exploded in 2020 due to the
worldwide pandemic [9]. Thus, even if they present weaker mechanical properties, some low-cost
glass compositions free of germanium such as As2Se3 attract a growing interest. However the
final cost of IR optics, especially small-size optics, is mainly governed by the synthesis and
processing instead of raw materials. In fact, glass ingots of big diameter (about 20cm) are
produced in high volume and discs are obtained by first coring and then cutting. In the next step,
glass slices are molded above Tg to final shape for making high precision IR optics. The coring
process could induce a material loss higher than 30%, which can only partially be reused as
starting materials. In this context, developing a process that allows for making a near-shape or
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even finished IR optics by using residual glass may be of high interest. Our study is dedicated
to a promising novel glass with the optimized composition of Ge25Se10Te65. The optical and
thermo-mechanical properties of this novel glass which present a high refractive index (n>3) will
be characterized, highlighting its ability to be used as IR lenses materials for low-cost, large field
of view and compact IR systems. In the case of complex objectives (three lens systems, zoom
etc . . . ) the lenses of high refractive index could have higher optical power and be lighter.

2. Experimental details

Bulk glass slices of Ge25Se10Te65 glass composition were prepared by the classical melt-quenching
method in silica tubes. Raw materials (Ge, Se, Te) of 5N purity were melted at 750°C for 12 h
in a silica ampoule placed under vacuum before being quenched in water and annealed 10°C
below Tg to relax mechanical constrains. Obtained glass rods were cut into slices of different
thicknesses that were polished on both sides for optical and mechanical measurements. The
transmission of melt quenched samples serve as a reference.

In parallel, Mechanical milling was performed with a Restsch Planetary ball mill PM100. Raw
materials (Ge,Se,Te) of 5N purity were put in a 125 mL WC bowl with 6 WC balls of a diameter
of 20 mm. A ball:powder mass ratio of 18.75:1 was used. Rotations at 400 rpm for 3 min and 3
min pauses were alternated for several hours. Obtained powders were characterized by DRX and
DSC.

Near-shape sintered chalcogenide glasses were prepared by introducing a calculated amount of
glass powder into a die of adequate diameter. Preliminary experiments of densification of the
GeSeTe glass composition were performed on FCT group (model HPD10) SPS to obtain blanks
(parallel and flat slices). 1.5 g of powder obtained by mechanical milling or by hand-grinding
from melt-quenched glasses were heated up to 230°C (40°C above Tg) under a pressure of 63 MPa
(5kN) for 3 minutes under vacuum (10−2Pa). Dies of 10 mm diameter, protected by an inner foil
of papyex and aluminum were used. Aluminum blocks were added on the piston as a carbon
diffuser barrier.

Glass density was measured on an average of 5 measurements using the Archimedes method
by submerging samples in water. Hardness and toughness were determined using a Vickers
microindenter MATZUZAWA on an average of 12 measures, with a charge of 100 g for 5s.
Young’s modulus, shear modulus and Poisson’s ratio was obtained by measuring the ultrasound
propagation speed in the glass.

The optical properties in the infrared region were measured using a spectrophotometer Bruker
Tensor 37 FTIR. The refractive index in the 1.7-20 µm range was measured on single-side polished
glass disc (Ø15 mm) by an IR variable angle spectroscopic ellipsometer (IR-VASE, J.A. Woollam,
Lincoln, NE). Infrared pictures were recorded using a FLIR IR working in the 8-12 µm region.
Pictures were recorded using a Keyence optical microscope. Thermal properties of the powder
were analyzed by differential scanning calorimetry TA Instruments Q20 (New Castle, DE) using
a ramp of 10°C/min. X-ray diffraction measurements were performed on a Malvern Panalytical
X’pert Pro diffractometer. Two types of programs were used: routine acquisition, with a step of
0.026° and 40s by step, and long-time acquisition, with the same step and 400s by step. Grain
size was measured using a Fritsch analysette 22 nanotec laser particle sizer.

3. Results

Nowadays the most common IR lenses available on the market are based on As2Se3 (n=2.81
(@1.5 µm) [10]) and Ge-As-Se glasses (n=2.75 (@10 µm) [11]). High refractive index will
lead to high optical power, therefore thinner and lighter lenses. The Table 1 lists some glass
compositions having high refractive index with their characteristic temperatures.

For industrial applications, ideal compositions should both present a high refractive index,
a glass transition temperature above 180°C and a good thermal stability (highest difference of
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Table 1. Composition and properties of some chalcogenide glasses with high refractive index

Composition n (wavelength) Tg(°C) Tx(°C) Ref.

Ga10Ge15Te75 3,39 (10µm)* 172 285 [12]

Ge20Se2Te78 3,42 (8µm) 153 250 [13,14]

Ge20 Se10Te70 3,26 (8µm) 156 236 [13,14]

Ge20Se60Te20 2,55 (8µm) 188 405 [13,15]

Ge20Se70Te10 2,5 (8µm) 175 430 [13,15]

Ge25Se10Te65 3,2 (6-7µm) 189 340 [15,16]

temperature between Tx and Tg) in order to be easily shaped. In line with the previous table,
glasses belonging to the Ge-Se-Te system are a good compromise, thus our work was focused on
the Ge25Se10Te65 glass composition.

The Ge25Se10Te65 glass has a Tg of 189°C and a small crystallization peak at around 260°C.
This glass presents a density of 5.35± 0.02 g/cm3 and a hardness of 140± 5 Hv. It has a Young’s
modulus of 19.8± 2 GPa, a shear modulus of 7.8 GPa and a Poisson’s ratio of 0.268± 0.01.

As shown in Fig. 1(a), its transmission ranges from 2 to 17 µm. An absorption band at 12.8 µm
corresponding to the Ge-O bond vibrations is observed in the base glass. Chalcogenide glasses
can be purified using different processes [12,17]. In this study, an additional purification step is
proceeded by adding 100 ppm of Mg to the raw elements before melting, leading to the removal
of absorption bands. One can see in Fig. 1(b) that this glass presents a refractive index slightly
lower than the value presented in the bibliography. At a wavelength of 6 µm, Peng et al. measured
a refractive index of 3.23, where we find the value of 3.127.

Fig. 1. Transmission spectra of TGS base glass and TGS glass purified with 100 ppm of
Mg (left), measured refractive index of base glass (right).

4. Mechanical milling

Reaction between elements and their amorphization process are progressive, starting with Se
(JCPDS file n°00-047-1514) that can form a glass by itself [18] and then Te (JCPDS file n°01-079-
0736). As observable in Fig. 2, after 25 h of milling only diffraction peaks due to crystalline Ge
(JCPDS file n°01-089-2768) are still visible. Chemical reaction of raw Ge presents a slow kinetic
due to its high hardness (6 on the Mohs scale) and the strong Ge-Ge bond, as demonstrated in
previous studies [18–20]. This diffraction peak gradually decreases with increasing milling time
up to its disappearance. However, diffraction measurements with increased time of acquisition
(0.026° step, 400s by step) show a residual crystalline Ge peak. Then, crystalline GeTe (JCPDS
file n°00-047-1079) phase appears after 56 h of milling. It is important to note that the identical
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milling process applied on a sample synthesized by melt-quenching also leads to the apparition
of a similar crystalline phase by 20 min of milling. One can assume that the high energy due to
high milling rotation speed and the use of heavy WC balls and bowl induces the powder reaching
the crystallization temperature (Tx = 260°C) locally.

Fig. 2. X-Ray Diffraction of powders obtained after different milling time. Routine
acquisition (left) and long-time acquisition (right).

In Fig. 3, one can observe a glass transition temperature (Tg) of 180°C at different times
of milling. This Tg is relatively close to the one of the reference glass (189°C) obtained by
melt-quenching. The DSC curves show evidences of the presence of several crystallized phases,
which seems not to be affected by the duration of milling. Two main Tx are observed, at around
240°C (Tx1) and 300°C (Tx2) and are attributed to the crystallization of Te and GeTe respectively
[21]. Differences of DSC curves is explained by the differences on the morphology and the
thermal history of the analyzed powders. The powder obtained by mechanical milling has higher
specific surface and nucleation can happen during the ball milling

Fig. 3. DSC of melt-quenched bulk and powder obtained by mechanical alloying after 62 h,
82 h, 105 h and 115 h.

The size dispersion of mechanically milled powder is presented in Fig. 4. The particle
size ranges from several hundred of nanometers up to 70 µm. Two populations can be mainly
distinguished with maxima at 2 and 20 µm. The phi 50 and phi 90 are respectively 7.405 µm and
25.484µm
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Fig. 4. Measured grain size after 88 h of milling.

5. SPS sintering

First experiments of Spark Plasma Sintering were focused on mechanical milled powder of
Ge25Se10Te65 glass as presented above. However, powder obtained by mechanical milling
contains residual crystalline GeTe in small proportion in addition to major amorphous phase.
While a small proportion of crystals within glass-ceramics could be of great interest to enhance
mechanical properties [22], the particle size must be controlled to avoid excessive optical losses in
the IR bands due to scatterings. About 1.5 g of powder was sintered by SPS at 230°C, Tg+40°C,
for 3 minutes. Even if the step is short and the temperature of sintering limited, Delaizir et al.
demonstrated that the crystallization process can be strongly accelerated under pressure. In our
case, even if the compactness reached is high (>98%), due to the induced scattering, all attempts
provide an opaque sample to the IR camera.

Therefore, it was concluded that the SPS sintering process of ball milled glass powders
containing even a small amount of crystallites, would lead to uncontrollable crystallization of the
sintered sample as shown in Fig. 5, and the obtained samples were typically opaque.

Fig. 5. X-Ray diffraction of sample obtained by sintering powder obtained by ball milling.

Then, melt-quenching glasses have been used and hand grounded glass powder have been sieved
to obtain two population of powder size: below and above 100 µm. A similar sintering procedure
as described above was used to obtain IR transparent bulk glasses by Spark Plasma Sintering.
Table 2 presents the relative density of sintered samples compared to the base. Whatever the
powder size, the compactness is higher than 99%, which is necessary for IR applications. In fact,
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considering the precision of the measurements, the density of the sintered samples is really close
to the one of the base glass.

Table 2. Measured density and relative density of base glass and sintered results for
both powders

Sample Density (g/cm3) Relative density (%)

Base glass 5.35 center0.02 100

<100 5.31 center0.02 99.2

>100 5.32 center0.02 99.4

As shown in Figs. 6 and 7, infrared transparency of sintered samples of both powders have
been characterized by FTIR, from 1,25 µm up to 25 µm (Fig. 6) and visualized through thermal
camera working in the 8-12 µm region (Fig. 7).

Fig. 6. Transmission spectra of the base glass synthesized by melt-quenching and of samples
obtained by SPS sintering of powder <100 µm and powder >100 µm.

Fig. 7. IR image (up) and zoomed IR images (down) of base glass and sintered sample
obtained with different grain size powders.

Transmission of the sintered sample with powder >100 µm is identical to the base glass from
approximately 5 µm up to 25 µm, presenting small scatterings in the short wavelength. The
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Fig. 8. Pictures taken by optical microscopy of aluminum block (a), resulting footprint
from the aluminum block on TGS lens (b) and full lens after molding (c).

sample obtained with more fine powder (<100 µm) gives a lower transmission around 46%, with,
in addition, the presence of multiples absorptions in the range 6 –10 µm.

As observable in Fig. 7, the base glass contains some small bubbles only visible by zooming on
the bulk. Sintered samples presents some impurities (black dots) that are usually dusts (<10 µm)
and carbon contamination (≈100 µm). Most of them are visible in the sintered sample using
relatively fine powder having a size <100 µm. The high volume percentage of impurities, even if
their size is maintained lower than 100 µm, induces strong Mie scatterings that affect the whole
IR transparency. Fine powders are also chemically more active/reactive, which can explain the
additional absorption peaks in the 5-10 µm wavelength region due to the absorbed/adsorbed
impurities during the processing.

The use of coarse powder allows for removing most of the carbon impurities. The Rayleigh
scatterings provoking the small of transparency in the short wavelength is mainly governed by
residual pores of tens of nanometers size.

In order to demonstrate the feasibility of molding complex IR optical lenses with the
Ge25Se10Te65 glass, aluminum footprints of spherical lenses shape were produced. A similar
process (T, t, P) was used for sintering powder leading to a lens of 3 mm thick and 20 mm
diameter transparent in the IR range (Fig. 8(c)). The surface details of the footprints are perfectly
reproduced onto the lens surface as observable by microscope observation (Fig. 8(a), (b)). The
spacing and depth of the furrows on the footprints and on the glass surface are of 48 µm and
1,5 µm respectively. This result highlights the great ability of molding complex shape of unstable
chalcogenide glasses by Spark Plasma Sintering.

It is interesting to point out that Ge25Se10Te65 glasses of maximum 13 mm diameter can be
synthesized by melt-quenching method due to their tendency to crystallization. The use of ground
powder is an efficient way to produce complexes and much bigger lenses.

6. Conclusion

Glasses with high refractive index and good transparency in the 8-12 µm region mainly belong to
the Ge-Ga-Te and Ge-Se-Te ternary systems. The Ge25Se10Te65 glass composition was selected
as the best compromise of thermal, mechanical and optical properties for IR optical applications.
Mechanical milling performed on Ge, Se, Te raw materials lead to a progressive amorphization
of the mixture while GeTe crystals are formed in the meantime. These crystals induce strong
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scatterings after SPS sintering, provoking the glass opacity in the infrared range. However, by
using flash SPS sintering, the possibility to rapidly and reproducibly shape lenses from raw
powder of the relatively unstable Ge25Se10Te65 glass against crystallization was demonstrated.
The obtained bulk glasses present an identical transparency to the reference glass in the 3rd

optical window. The use of coarse powder having a size superior to 100 µm is beneficial to obtain
perfect transmission in the 8-14 µm region while keeping a high transparency in the 3-5 µm. This
work paves the way to the production of high refractive index infrared lenses even with unstable
glasses against crystallization.
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