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Abstract

The production of chalcogenide microstructured optical fibers with low optical losses, due to the broad transparency window of
these glasses in the mid-IR, can allow for new breakthroughs in various research fields, e.g. new mid-IR laser sources and mid-IR
spectroscopy. In this framework, high purity chalcogenide glasses are needed in order to minimize absorption losses. In this study,
Ge10As22Se68 samples were prepared using a double distillation method, using different combinations of chlorides and metals as
getters for the physico-chemical elimination of carbon, oxygen and hydrogen impurities. Comparing the attenuation spectra of the
different samples, the choice of the getters seems to be indeed a significant factor in the quality of the glass. A holey fiber has been
realized by casting method using the best sample, showing that the method is suitable for this composition and that the attenuation
before and after the casting are comparable.

Keywords: Chalcogenide glasses, Chemical synthesis methods, Microstructured optical fibers

1. Introduction1

In the last twenty years the field of chalcogenide glasses has seen increasing interest, thanks to the broad trans-2

parency band they exibhit in the mid-infrared, up to wavelengths as high as 20 μm. This is an extremely interesting3

region of the light spectrum, and devices able to operate in it can have applications in many fields. In particular,4

chalcogenide fibers, that can have transmission in the 1 – 12 μm range [1], can be especially suitable for telecommuni-5

cations, sensing, imaging and spectroscopy [2, 3]. Another important property of chalcogenides is showing one of the6

highest nonlinear refractive indices among glasses. For example, n2 is around two orders of magnitude larger than the7

one of silica in sulfides and up to 1000 times larger than the one of silica in glasses based on heavier chalcogens (Se,8

Te). This high nonlinearity permits to observe nonlinear effects even in short fibers [4–7]. This allows for applications9

such as slow light (based on stimulated Brillouin scattering) [5], Raman amplification [8], 3R regeneration [8, 9], all-10

optical switching [10] and supercontinuum generation [11–13]. Of particular interest for nonlinear applications are11

microstructured optical fibers (MOFs), in which guiding properties are mainly defined by the d/Λ ratio (d: diameter12

of the holes, Λ: distance between the holes)[14]; in this kind of fiber the design can be altered to obtain large core13

single-mode, endlessly single-mode or polarization-maintaining fibers, as well as to enhance nonlinear properties and14

manage the chromatic dispersion[15]. Low losses chalcogenide MOFs obtained by using a casting method instead of15

the more typical stack-and-draw method have been demonstrated [7].16

Among chalcogenide glasses, in this work Ge-As-Se ternary glasses were chosen, because of the good compromise be-17

tween the position of the transparency window (which includes both the telecommunication C-band, around 1.55 μm,18
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and mid-IR wavelengths), the nonlinear refractive index and the improved thermal and mechanical properties given by19

the addition of Germanium. In particular, the Ge10As22Se68 composition has been demonstrated to be stable against20

crystallization and suitable to develop small core MOFs [16].21

As it is well known, when looking towards fiber applications, the intrinsic losses of the material become a much more22

important matter (the large propagation length of the light magnifies their influence, with important consequences on23

the width of the transparency wndow and to the heating-related damaage threshold). For this reason it’s fundamental24

to minimize optical losses, and a first step toward this result is producing as pure as possible chalcogenide glasses.25

In the case of the Ge-As-Se system treated in this paper, this mainly translates in the removal of water and carbon26

particles as well as of oxygen and hydrogen pollution. Indeed, the presence of oxygen and hydrogen atoms induces27

intense absorption bands related to the vibrations of O – H, Se – H, and As – O bonds, which are centered at wave-28

lengths overlapping with the material transparency window [17, 18]. In order to obtain high purity glasses, a method29

similar to the one described [19] was used: the syntheses have been performed in vacuum atmosphere in a sealed30

silica crucible, with the addition of getters, i.e. chemical compounds which purpose is to react with oxygen, carbon31

and hydrogen and give as byproducts either highly refractory or highly volatile compounds. This allows to use distil-32

lation to strongly decrease the amount of hydrogen and oxygen in the glass.The getters used in this physico-chemical33

process are usually halides for removing hydrogen [20] and metals for removing oxygen[21].34

The purpose of this study is to proceed on the road to obtain further optimization of this synthesis procedure by com-35

paring the efficacy of different getters in removing the aforementioned impurities, knowing that the most commonly36

used are TeCl4 and Al or Mg [22–24], with the goal to improve the transmission of microstructured optical fibers37

based on high purity chalcogenide glasses. Other than the already mentioned common getters, we chose to use in this38

study also some novel ones: SeCl4, SbCl3, GaCl3, being chlorides of elements that can be included in the network39

of Ge-As-Se glasses without negative effects, and Zr, Ni, which high melting temperature oxides can be removed by40

distillation.41

2. Experimental42

We prepared different glasses by melt quenching technique in sealed tube with a double distillation to remove43

impurities: the charge and getters, placed in a sealed silica tube under high vacuum, were heated up to 800◦C and44

subsequently quenched in water; after this step, they were annealed at a temperature just below Tg in order to reduce45

the internal stress. The charge was prepared with pure elements, nominally germanium 5N, arsenic 5N and selenium46

5N, weighted and inserted in the tube in a glovebox, under inert atmosphere. During the melting of the charge, the47

reaction of the getters with the impurities occurs: the halides react with hydrogen and carbon, following reactions like48

the ones presented as an example below (only the initial and final states are shown, intermediate reaction steps are not49

well understood)50

4 Se H + TeCl4 4Se + Te + 4HCl [22]51

C + TeCl4 Te + CCl452

while the metals react with the oxygen in a way similar to the one shown below for the case of magnesium.53

As O + Mg As + MgO54

The resulting glass underwent a two step distillation, with temperature and duration of the steps in this procedure kept55

fixed along the different samples prepared for the comparison. The first one happens in a open setup, in connection56

with a pump actively removing gases (dynamic distillation). The second one is performed in a sealed setup, once57

again in high vacuum atmosphere (static distillation). A schematic of these processes can be found in Fig. 1. During58

the dynamic distillation the glass migrates from the hot zone, at a temperature of 600◦C, to the cold zone. Metal59

oxides and residuals of silica from the crucible, being refractory, do not migrate, while water and hydrohalic acids,60

being volatile, are sucked into the liquid nitrogen cooled trap by the vacuum pump, and condensate there. The61

second step removes traces of metal oxides that could have remained inside the glass. After the distillations, the62

glass was melted, quenched and annealed again with the same procedure used for the first synthesis. This last step is63

fundamental to homogenize the material, which during the distillations was separated into compounds with different64

melting temperatures.65
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All the silica setups used were made of low OH content silica (< 3 ppm), and were etched with hydrofluoric acid66

before being used, in order to minimize the addition of further impurities to the glass, especially after the distillations.67

The glass composition before and after the distillation process was checked with energy dispersive spectroscopy68

(EDS) measurements. The variations in the stoichiometry, when measurable, were below 1%, and no leftover traces69

of getters were found in the glass after the distillation.70

As for the different getters used in this comparison, TeCl4, SeCl4, SbCl3, GaCl3 were chosen as halides, while as71

metals Mg, Al, Zr and Ni were used. The ratio between the mass of both getters (one halide and one metal for each72

sample) and the total mass of glass is kept fixed along all the samples. Specifically, each sample contains 2000 ppmw73

of hydrogen getter and 200 ppmw of oxygen getter. It is to be noticed that hydrogen getters used are all chlorides74

of elements well compatible with the chalcogenide glass network. Thanks to this and to the low concentration, those75

elements should not affect the optical properties in case they entered the glass during distillation.76

In order to see the effect of the purification, the so-obtained glasses were then drawn in 125μm fibers, the attenuation77

of which was measured by cut-back technique on a Bruker Tensor 37 FTIR spectrometer using an external liquid78

nitrogen cooled MCT detector. For each measurement two cut-backs were performed: one with a long part of fiber for79

the measurement of the low (background) attenuation and one with a short length of fiber for the measurement of the80

high (peaks) attenuation. The results of the two measurements were then combined into complete spectra. The error81

was estimated by comparison of repeated measurements on the same fiber, and like the experiment can be separated82

in two regimes: an error of about 0.1 dB/m for the background, where detection-related sources of error are dominant,83

and an error of about 5% for the peaks, where because of the short length of fiber random errors related to the cleaving84

of the fiber are dominant.85

For each combination of getter studied, several syntheses were performed. Only the best results achieved will be86

shown in this study.87

Holey preforms were then obtained by casting method [7] using some of the most promising glasses, and drawn into88

microstructured endlessly single mode fibers, which were characterized using once again FTIR spectrometry.89

a)

b)

Fig. 1: Schematics of the dynamic (a) and static (b) distillation processes.

3. Results90

In order to compare the effect of different hydrogen getters on the Se-H absorption peak (4.5 μm), a series of91

sample was prepared fixing Mg as the oxygen getter in combination with the different halides listed in Section 2. In a92

similar way, a second series was prepared using TeCl4 as an hydrogen getter and the metals listed in Section 2, with93

the intention of studying the Ge-O and As-O peaks (7.9 μm and 8.9 μm respectively). Mg and TeCl4 were chosen94

as fixed getters for the comparison because their use has already been documented on this composition [16]. The95
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measured losses in the transparency windows for the two series are visible in Fig. 2, together with an unpurified glass96

to show the huge improvements in terms of transmission given by the purification.97
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Fig. 2: Comparison between the attenuation spectra of Ge – As – Se fibers prepared using magnesium in combination with different hydrogen
getters (a) and TeCl4 in combination with different oxygen getters (b). In both graphs, an example of non purified glass is shown.

As it can be seen in Fig. 2.a, all of the halides but SbCl3 appear to be quite efficient in suppressing the Se-H98

peak. From Fig. 2.b, it can be clearly seen that oxygen-wise Al, Mg and Zr seem to have similar effects, while Ni99

is not working as an oxygen getter. Indeed, the Ni containing sample has a Ge-O band comparable with the one of100

the non-purified glass. Interestingly, the choice of the metal also appears to have influence on the Se-H peak. The101

peaks at 2.9 μm and 6.3 μm appearing in the non-purified and Ni-containing samples are assigned to O-H and H2O102

respectively. There are no visible carbon-related bands in any of the purified samples. Indeed,in our case carbon103

impurities are mainly particles, and they therefore induce scattering losses rather than absorption ones.104

The combination of TeCl4 and magnesium, which has shown the best results in terms of attenuation, has been chosen105

as the most suitable for the realization by casting method [7] of a microstructured fiber, of which attenuation spectrum106

and cross section are visible in Fig. 3. This fiber has an diameter of 125 μm and a core diameter of 11 μm. The holes107

diameter (d) is 3.4 μm, while the pitch (Λ) is 7.2 μm, leading to a d
Λ

parameter of 0.47.108
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Fig. 3: Attenuation spectrum (a) and cross section (b) of a holey fiber obtained from the sample containing Mg and TeCl4.

4. Discussion109

Looking at Fig. 2.a, TeCl4, SeCl4 and GaCl3, reducing the intensity of the Se-H peak to a level of around 1.5 dB/m,110

seem to be considerably more efficient than SbCl3. In order to better understand the reason of this difference, a starting111
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point could be comparing the actual amount of chlorine ions introduced in the melt by the addition of the different112

halides, for which the mass was kept constant, under the assumption of full dissociation of all the compounds.113

Table 1: Molar content of chlorine introduced in the melt by different getters.

Halide Cl amount (mol · 10–3)
TeCl4 1.75 ± 0.15
SeCl4 2.1 ± 0.2
SbCl3 1.6 ± 0.1
GaCl3 2.0 ± 0.2

No relation between the theoretical moles of Cl and the efficiency appears to emerge from the values presented in114

Table 1, with TeCl4 resulting to be the most efficient getter despite the relatively low total amount of chlorine it can115

introduce in the system. In accordance with the absence of this relation, increasing the mass of the getters didn’t bring116

to better results. Also, comparing the standard Gibbs free energies of the different getters and of HCl in the range of117

temperatures [25–27] used during the synthesis, we see no trivial correlation between the stability of these chlorides118

and their efficiency; on the contrary, in a counterintuitive way the most stable compound, nominally GaCl3gives better119

results than the less stable SbCl3. This could be due to different elements in the melt acting as catalysts to favor the120

reaction in a way similar to the one suggested in [28]; the individuation of the actual reaction steps is far from the121

goals of this paper, but the fact that the partial elimination of Se – H bonds happens even without the addition of any122

metal to the melt (Fig. 4), a cooperative action of the two getters seems less probable with respect to the action of123

other glass or crucible components as catalysts.124

Concerning the removal of oxygen, Fig. 2.b shows that magnesium, aluminum and zirconium efficiently suppress the125

Ge-O and As-O bands in the attenuation spectra of the respective samples. Nickel, on the other side, seems to be126

completely ineffective in this regard: as visible in Fig. 4, the spectrum of the Ni containing sample is almost perfectly127

superimposable with the one of a sample prepared with the same amount of TeCl4, but no oxygen getter. This is128

compatible with the Ellingham diagrams shown in Fig. 5.a, from which formation of NiO seem less favored than for-129

mation of GeO2, whereas formation of MgO and ZrO2 appear to be both strongly favored against Germanium dioxide.130
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Fig. 4: Comparison between the attenuation spectra of a sample with Ni as a metal and a sample with no metal at all. In both samples TeCl4 is
used as hydrogen getter.

While the choice of the halide doesn’t seem here to influence the content of oxides in a relevant way, when132

comparing the Se-H peaks of the samples prepared with different oxygen getters there is a significant difference. In133

this case too, the explanation from a reaction dynamics point of view is really complicated and would require deeper134

studies. Anyway, given the high absolute value of the formation ΔG of ternary compounds in the form MxSiyOz, with135

M being a metal, shown in Fig. 5.b for Al, Zr and Mg, it is reasonable to suppose that the oxygen getters can interact136

with the silica crucible. This could cause the release of hydrogen from Si – O – H groups at the surface of the crucible,137
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therefore influencing the amount of hydrogen-related impurities in the chalcogenide glass.138
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Fig. 5: Ellingham diagrams of different oxygen compounds [25, 26].

For all of these reasons, it appears clearly that the choice of the getters, as well as the amount of getters used for139

the reactions, used has to be the result of a compromise between the reduction of the bands related to hydrogen and140

oxygen pollutions and the necessity to avoid as much as possible reactions involving the crucible[29–31].141

As visible from Fig. 3.a, the process of casting has a small influence on both the background and the impurities, with142

just a small increasing of the Se – H band and the appearance of small peaks related to water and oxygen pollution.143

In addition, it has been shown that an optimized purification of the chalcogenide glass allows to mold and draw144

chalcogenide holey fibers with optical losses < 0.2 dB/m (at 5.5 μm) and Se – H absorption losses lower than 2 dB/m.145

This is the best transmission ever obtained in a selenide holey fiber.146

5. Conclusions147

The presented results show that it is possible to obtain high purity Ge10As22Se68 by double distillation method,148

and that the efficacy of this method is heavily dependent on the choice of the getters. Between the ones tested, TeCl4149

and Mg seem to be the best candidates to minimize the incidence of both oxygen and hydrogen pollution on the optical150

losses of fibers.151

Reactions between the getters and the silica crucibles used for this type of synthesis also appear to be possible, and152

need to be taken into consideration when choosing the species and amounts of halides and metals to introduce in the153

system.154

The viability of casting method for obtaining high quality endlessly single mode fibers, with an attenuation lower than155

0.2 dB/m at 5.5 μm, using this composition and a proper purification route is also demonstrated. This is of particular156

interest, seeing how chalcogenide microstructured optical fibers are an enabling technology for breakthroughs in the157

field of mid-infrared supercontinuum generation [13].158
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[3] J. Keirsse, C. Boussard-Plédel, O. Loreal, O. Sire, B. Bureau, B. Turlin, P. Leroyer, J. Lucas, Chalcogenide glass fibers used as biosensors,167

Journal of non-crystalline solids 326 (2003) 430–433.168

6



Acc
ep

ted
 m

an
us

cri
tpt

7

[4] J. M. Harbold, F. O. Ilday, F. W. Wise, B. G. Aitken, Highly nonlinear ge-as-se and ge-as-s-se glasses for all-optical switching, IEEE Photonics169

Technology Letters 14 (6) (2002) 822–824.170

[5] J. S. Sanghera, L. B. Shaw, P. Pureza, V. Q. Nguyen, D. Gibson, L. Busse, I. D. Aggarwal, C. M. Florea, F. H. Kung, Nonlinear properties of171

chalcogenide glass fibers, International Journal of Applied Glass Science 1 (3) (2010) 296–308.172

[6] M. Asobe, Nonlinear optical properties of chalcogenide glass fibers and their application to all-optical switching, Optical Fiber Technology173

3 (2) (1997) 142–148.174

[7] Q. Coulombier, L. Brilland, P. Houizot, T. Chartier, T. N. N’guyen, F. Smektala, G. Renversez, A. Monteville, D. Méchin, T. Pain, et al.,175
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