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Abstract: Long-wave infrared fibers are used in an increasing nurabepplications
ranging from thermal imaging to bio-sensing. However, thegdesf optical fiber with
low-loss in the far-infrared requires a combination of prigeincluding good rheological
characteristics for fiber drawing and low phonon eneywide optical transparency,
which are often mutually exclusive and can only be achieveaughr fine materials
engineering. This paper presents strategies for obtaining ksifitmers in the far-infrared
based on telluride glasses. The composition of thesggais systematically investigated to
obtained fibers with minimal losses. The fiber attenumisosshown to depend strongly on
extrinsic impurity but also on intrinsic charge cargapulations in these low band-gap
amorphous semiconductor materials.
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1. Introduction

Glass fibers with optical windows extending into the irddardomain are in demand for an
increasing number of applications ranging from bio-medieat®g to defense. In particular, infrared
fibers with transmission down to the long-wave infrared ug@anicrons are of special interest for
applications such as micro-organism detectior3]1l environmental monitoring {46], medical
diagnostic [7,8], thermal imaging through fiber bundles [gder surgery delivery at 10.6 microd§)[
CO, gas monitoring for space exploration 18] as well as optical communication in the second
atmospheric window at-82 microns.

Chalcogenide glasses are composed of heavy elements s&hSasand Te that result in low
phonon energies and consequently push the optical cufasff into the infrared up to
25 microns [11,13,14]. In addition, these materials havellext resistance against crystallization and
can be molded or drawn into complex shapes to produce opticareke such as fibers and lens&s.[
Overall, chalcogenide glasses are the only class of amorphatesials that combine far infrared
transparency and good rheological properties. Among chalcoggagkes, sulfur-based compositions
have the shorter optical cut-off around 10 microns due toligieter elemental masd.§|. Selenide-based
glasses have a longer transmission up to 16 micron®bédartinfrared applications tellurides are the
optimal choice with transmissions up to 25 microns [11thinfiber form, residual absorptions on the
edges of the optical window play an important role, whighicantly reduces the effective width of
the transparency domain for transmission over long disgarNevertheless, high purity telluride fibers
permit effective low-loss transmission past 10 micrdds17-21].

The fine balance between far-infrared optical cut-off, goleeblogical properties and thermal
stability can be tuned through appropriate compositionalneagng of the glass matrix. While
elemental tellurium is not intrinsically a glass-formimgterial, it can be combined with neighboring
elements to improve its resistance to crystallization wigaining its wide optical transparency [17]
Initial attempts at improving telluride glass properties invalttee soealled “TeX” fiber where large
amounts of heavy, monovalent halide elements weredinted in the glass compositions {23].
However, the resulting low structural connectivity leanltv glass transition temperaturéswhich
limited their practical applications. In this paper, we revismme recent materials engineering
approaches aimed at optimizing the width of the optical windad the rheological properties of
telluride glasses for the fabrication of long wave tnaitting fibers. The attenuation of telluride fibers
with optimized compositions is presented.

2. Experimental Section
2.1. Material Preparation

Telluride glasses are synthesized from high purity (6N) emsnintroduced in silica ampoules
under high vacuum (~1I® Torr). All materials are initially stored in contredl atmosphere and
tellurium is first etched with hydrobromic acid to remosgrface oxide before introduction in the
reaction tube. In order to further remove any oxide imputhg, components are mixed with an
oxygen getter such as metallic aluminum. After reactioa,résulting glass is distilled and further
homogenized by heating up to 750 °C at 5 °C/min in a rocking feraad held at that temperature for
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12 h. For glass containing gallium, the distillation step tspassible due to the extremely low vapor
pressure of gallium. In this case, as received pure eleragntssed. After homogenization the glass
melts are cooled to 600 °C and the ampoules are heldalgrbefore quenching in water. The glasses
are then annealed neBy for 2 h to remove internal stress and slowly cooled to r@nperature. The
resulting glasses are inspected by X-Ray diffractionnsuee of their amorphous nature. The glass
transition temperaturéy and crystallization temperatufig are characterized by differential scanning
calorimetry (DSC) to estimate the materials stability @stacrystallization. DSC measurements are
performed using ~10 mg of glass sample introduced in a seal@ham pan and heated at a rate of
10 °C/min. Tle Tq is estimated as the onset of the endothermic heetcity jump while theTy is
estimated as the onset of the exothermic crystatimgieak. The rods produced this way are used as
preforms for fiber drawing.

2.2. Fiber Preparation

Single-index fibers are produced from 7 mm diameter prefosimgwa custom-built fiber drawing
tower with a narrow ring heater. The preforms are heatedealy under a flow of helium and drawn
under controlled tension to adjust the diameter to fixed uaoging between 16800 microns. The
fibers are then directly rolled onto polystyrene cylisder

The optical properties of the resulting fibers are ati@rized using an FTIR spectrometer Tensor
27 from Bruker equipped with a fiber coupling attachment using gatedaconcave mirrors and an
external Mercury-Cadmium-Telluride (MCT) detector. THeefi attenuations are measured using the
cut-back method over the full infrared range. The typibar diameter used for loss measurement was
~250 microns

3. Results and Discussion

In contrast to selenium, tellurium does not vitrify in thengental form but instead crystallizes into
a semimetallic solid with hexagonal structure [25,26]. Tle¢altic character of tellurium results from
significant p-orbital overlap [27] which promotes the fotima of periodic helicoidal chains and
prevents the structural disorder required for glass foomaf he addition of higher valence elements
such as germanium or gallium is therefore necessarp$s-tink the structure into a random covalent
network and mitigate the metallic character.

3.1. Tellurium-Germanium-Gallium Fibers

The addition of gallium and germaniuimto tellurium is indeed shown to markedly improve the
glass-formation tendency [13]. The resulting structum®imposed of interconnected Gatad GeTg
tetrahedra which form a flexible three dimensional nekwsmmducive to glass-formation [28]. These
glasses have relatively highy in the range 13885 °C and show good resistance against
crystallization with values of AT = Ty — Tg as high as 113 °C for the &a;oTe;s composition. These
values of AT are notably larger than thaf gallium free GeTgglasses which exhibit values near
AT~70 °C. This demonstrates that gallium atoms play a majter in the stabilization of the
amorphous structure of these materials.
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The range of AT of GeGaTe is sufficient for the production of glass fiber aitit formation of
crystallite which can induce significant scattering and beirdental for optical attenuations. The
production of single index optical fibers was thereforengtted using the glass of composition
GesGaplers with the largest AT in the GeGaTe system. Figure 1 shows the attenuation curve
measured by the cut-back method on a small section of filber attenuation is relatively high with a
minimum of 40 dB/m near 123 microns. The source of these fairly high losses is hkety due to a
combination of intrinsic and extrinsic factors. The ingit losses are likely the results of large
background absorptions due to the presence of free charggg<andeed it has been demonstrated
that low band-gap glasses contain a large populatiorherimally excited charge carriers which
induces optical absorption that increase exponentialth vémperature [29]. Very low band-gap
energies which lead to high electrical conductivity arerdfore detrimental to optical properties.
Extrinsic losses on the other hand are likely due to impafiisorption resulting from the fact that
gallium containing glasses cannot be purifieditu by distillation. The presence of oxygen, water or
carbon impurities result in significant losses withire tbptical windw, as is well known in
chalcogenide fibers [30]. These two sources of opticaklwsmpose severe limitation on the potential
of GeGaTe fibers for low-loss glass fibers hence novel styigis have been investigated to obtain
glasses with improved transparency.

Figure 1. Attenuation curve of &esGaolers glass fiber showing minimum loss around
12-13 microns.
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3.2. Tellurium Germanium lodine Fibers

In order to mitigate the sources of optical losses@ated with impurities, gallium-free glasses that
can undergon-situ distillation were developed. As mentioned previously, ond@fnbost beneficial
functions of gallium was to stabilize the amorphous netvagd&inst crystallization relative to pure
GeTe glasses. The removal of gallium must therefore mmpemsated by addition of other elements
that can modify and reduce the rigidity of the Ge-Twvoek and suppress crystallization. The addition
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of monovalent iodine can serve such a purpose by redtioéngtructural connectivity. Indeed it was
shown that the iodine selectively bonds to the gernmanaioms thereby producing larger ring
structure in the amorphous network [31]. This added strucfiegability effectively suppresses
crystallization and AT values up to 124 °C can be obtained with addition of onlyapercent of
iodine [11]. The electronegative nature of iodine mayp dlelp widen the band-gap [32] and in turn
lower charge carrier absorptions.

Another major advantage of iodine is that it has tlmesmass as tellurium and consequently does
not alter the phonon energy negatively by reducing the ffwmt#iodow. These glasses are therefore
good candidates for far infrared applications and single iniitex's were produced from a
Gegslerg 41 glass preform with a AT = 110 °C. The optical attenuations for this fiber areqmesd in
Figure 2. The minimum losses reach 20 dB/m which constiautgnificant reduction relative to that
of the GesGaoTers glass. This is likely the result of lower impurity camntte

Figure 2. Attenuation curve of &egglerg s glass fiber showing minimum loss around
12 microns.
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While the substitution of gallium for iodine is benefid@ar optical losses, the presence of a volatile
species in the reaction mixture poses a significantipah@roblem during synthesis. Indeed the high
vapor pressure of iodine makes it very challenging tarobthe stoichiometry during purification and
distillation as it tends to be pumped out of the reaction chamber. |&4is to large variations in
compositions that are problematic due to significant chamgphysical properties of the glass with
only a few percent off stoichiometry. lodine-free glassestherefore desirable.

3.3. Tellurium Germanium Selenide Fibers

In order to remove iodine from the glass compositidterative additives with low coordination
and good glass-forming tendency are wanted. As previously medtiefemental tellurium does not
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form glass but its group-VI neighbor, selenium, is a goodsglarmer in the elemental form or in
combination with germanium. For example Ge§lasses do not exhibit any crystallization tendency
at all. Tellurium and selenium are both divalent hepagial substitution of tellurium by selenium
should be easily achievable and could lead to significant imprenveof the glass stability against
crystallization. Indeed it is shown that addition ofes@im widens the glass-formation domain and
increases the AT value up to 123 °C [18]. These glass compositions shouldfeherée good
candidates for fiber production. In addition, it is welbwn that selenide glasses have lower band-gap
than telluride glasses hence addition of selenium dhasignificantly reduce the charge carrier
absorption by raising the band-gap energy [29].

However, while selenium addition appears to be very beakfar fiber production it should also
be noted that the lower mass of selenium atoms sHeafdl to higher phonon energies and may
consequently reduce the infrared optical cut-off.

Figure 3 shows the attenuation curve of & G&sSe; glass with a AT = 123 °C. The minimum
attenuations are as low as 7 dB/m in thelllOmicrons region. Another significant feature is that the
optical cut-off has shifted from about 14 to 12 microns as ¢ggdoom the higher phonon energy of
selenium. The low background absorption also indicatet ttiese glasses have a much lower
population of free carriers due to the reduction in band-gaemg brought about by selenium addition.

Figure 3. Attenuation curve of &enTersSe glass fiber showing minimum loss around
10-11 microns.
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Overall theGe-Te-Se glasses constitute the best compromise for the pimawaf optical fibers
with low-loss in the second atmospheric window aflB microns. This range of wavelength is
acceptable for many long wave applications such as lasermgutgermal imaging or bio-sensing.
Finally, the GeFe-Se compositions also lends themselves well to the productidouble index fibers
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by simple substitution of selenium by tellurium to producertbeessary index contrast between the
core and clad [19Single mode fibers at 10 microns should therefore lzdspossible.

4. Conclusions

It was shown that the composition of telluride glasses meidinely tuned to combine mutually
exclusive properties such as low phonon energy for longredr transmission and high band-gap
energy for low free-carrier background absorption. Whileigallprovides highly and wide optical
window the impossibility of distilling gallium-containing glasséeads to unacceptable losses.
Substitution of gallium by iodine permits the successful redinof the background absorption but the
high volatility of iodine leads to large compositiowariation during vacuum synthesis. Overall, it is
found that GeFe-Se compositions containing only a few percent of seleniunsttote a good
compromise between long-wave transmission and low backgrossesldown to 7 dB/m.
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