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Abstract

Several glass compositions of the Ge-As-S ternary system were prepared and their thermal and physica
properties were investigated ag, Ty, theoretical drawing temperature, Viscous flow activation

energy, density, visible and IR absorption coefficients. The measured values, which are in excellent
agreement with the literature, were used to explore the drawing capability of the glass samples. In this
work, we report wide range of Ge-As-S optical fiber compositions using the classical preform-to-fiber
drawing technique. We show the possibility to obtain optical fibers with sulfur concentration ranging
from 35 to 75%, and germanium concentration as high as 35%. In addition, based on the drawing tests
we present a fiber drawing domain in the Ge-As-S ternary diagram. The attenuation losses measured alt

1310 nm wavelength were between 8.4 and 12.3 dB/m.
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Since many years the need for optical fibers tratisig in the infrared range have attracted many
research groups thanks to their potential of appbas [1,2] as telecommunications, lasers sources,
integrated optics, mid-infrared sensing for spesttopy and defense [3]. Among the IR transmitting
fibers, chalcogenide fibers present the highesistrassion (up to 10 um for sulfide, 20 um for selen
and 30 um for tellurium based glasses). The mostwknchalcogenide glass composition for optical
fibers is indubitably the AS; for which is the lowest loss of 23 dB/km has besached at 2.4 um [4].
Still, the requirement of materials transmitting ldgher wavelength or having higher nonlinear
refractive index have led to the research of nealadgenide fibers of various compositions (TeAsS,
GeAsSeTe, SeSGaGe etc..). However each compossidfes of specific limitations. We can cite for
example lower § and transmission in the visible for Se or Te bagkedses compared to sulfurs, but
also smaller vitreous domains which can limits tdeice of stoichiometry compositions and hence
core/clad refractive index difference, etc. On dtker hand, the extensive research on multimaterial
fibers requires glass compositions and optical rébeith high flexibility in terms of §, drawing
temperature, transmission window, refractive indixg glass compositions. For chalcogenide glasses,
Ge-As-S is the ternary system having the widestsgtarming region [5] which is very important ireth
choice of the glass composition depending on thmiGgiion targets. Those glasses are also known for
their properties regarding photo-induced anisotrffijyand their thermal or structural propertievéda
been well studied which is of interest when a dtneproperty correlation is needed [7,8].
Nevertheless, despite the large appealing of ffstem, there is a few number of publications distugs
their fiber drawing ability [9,10]. Regarding thigck of information, we propose a study of the ffibe
drawing region within the glass forming region bétGe-As-S system. In the present study, we will
firstly explore the thermal and physical analysish®e glass sample before the drawing process. We

performed thermomechanical analysis and viscoségsurements of all compositions over the vitreous



domain of Ge-As-S ternary system. Our main goal wwasxtract theoretical drawing temperatures and
anticipate the evolution of viscosity as a functmitemperature for the different glass composgion
Then, the second part will be dedicate to expltie drawing tests results and perform some fiber

characterizations.

Experimental

1. Glass and preform fabrication:

The melt-quenching technique was used to preparAS=® glasses, starting from high purity elements,
germanium (5N), arsenic (5N) and sulfur (7N). Naliidnal steps of purifications were made for this
study. The batches were introduced into a sili@sglampoule and sealed under high vacuurt (10
Torr), forming closed synthesis tubes to avoidwsudivaporation and arsenic sublimation during melti
procedure. In the aim to avoid a fast increasehefgressure in the ampoule which could lead to its
explosion, the synthesis were made using a slovingeaamp of 1°C/ min. It also contribute to the
progressive reaction of the precursors until thendae riches the final temperature of 850-900°C
(depending on the composition of the glass). Tl&ing furnace was held at this temperature duridg 1
hours for the homogenization of the melt. Synthadies has been quenched into water at 650°C, and
annealed in a furnace at 10°C below tledF 6 hours. The samples were then gradually cbtiethe
room temperature in the aim to remove the intestralss. Preforms with 12 mm of diameter and 80 mm
of length were obtained directly in the silica glaampoules after quenching. Before drawing, glass

pieces of 1-2 mm of thickness were cut from théqune and polished for optical characterizations.

2. Fiber drawing:



Single index optical fibers with diameter of 180020m were obtained by the use of preform-to-fiber

drawing technique [11,12], following the same expental procedure describe elsewhere [13].

3. Material characterization:

Measurement of glass transition temperature$, @ilatometric softening temperatureg(Tand linear
thermal expansion coefficient)(were recorded by thermomechanical analysis (TM#ihg a Netzsch
402F1 Hyperion apparatus. Cylindrical samples ohi@ diameter and 6 mm length were brought in
contact with a silica pushing rod inside a furnaod heated at a rate of 5°C/min up to + 20 °C lassid
the glass softening temperature. The relative trana of samples length as function of temperature
were measured by a highly sensitive inductive disgnent transducer via the push rod. The
measurement accuracy for the linear expansionicaaft was + 0.05 °C/min, and + 2°C fog @nd T.
Viscosity measurement were made by using a BansBaslilift Theta US parallel plate Viscosimeter
on samples having the same geometry than thosaneefor the TMA analysis. The samples were
introduced between two silica discs and placedadntaxct with a silica rod connected to a linearly
variable differential transformer (LVDT) which alloto record the thickness variation rate of the
samples as function of time. The samples were Hesta rate of 2°C/ min up to the final temperature
for which the viscosity value of 18 Poises was reached under a compressive chargefi@ad g. For
better precision the measurements were performen tior each glass composition and the estimated
error for the temperature was about + 3°C and Herviiscosity was 82 Poises. After synthesis, the
stoichiometry of the different glass compositionswaontrolled using a CAMECA-SX100 electron
probe micro-analyzer (Cameca, Gennevilliers, Frantike measurements were made by wavelength-
dispersive spectroscopy (WDS) using an electromaprobe (EPMA), applying a current of 20 nA and

an accelerating voltage of 15 kV. Infrared (IR) @ipsion spectra were recorded employing a



PerkinElmer Frontier FTIR, with a resolution of #7¢ and 16 accumulations. Infrared absorption
spectra were normalized by the thickness of thepssrnwhich were measured using a mechanical
profilometer with a + @m of precision. Fiber loss attenuations measuresneete done on 2 meters
fiber length, by using the classical cut-back teghe on two different set-ups. The first set-ughs
same as the one used in ref. [13], where the seldight emerging from two available sources emti

at 1310 and 1550 nm was lunch into the fiber usirg§ X objective with 0.32 numerical aperture NA.
A three axis sample stage was used to adjust ltkee fiosition at the injection, and the end of tberf
was directly placed onto the surface of a therneogédtector (GENTEC) to measure signal transmitted
through the fiber (accuracy measurement 0.1dB/m)r Ehe second set-up a mid-infrared
supercontinuum laser (Targazh) emitting betweenah® 4.3 pum combined with a monochromator
(Bruker) and a PbSe detector were used to measerattenuation loss. Cleaves quality were checked

by an optical microscope.

Results and discussion

Bulk glasses

In the aim to get a better understanding of thiedght glasses before making drawing tests phyaicdl
thermal analysis have been made. The operating rafine viscometer is around®ftand 13° Poises,
and it is important to know the appropriate stgrtiemperature. Since the glass softening temperatur
correspond to a viscosity of ¥DPoises, we performed thermomechanical analysissunement to
obtained the value of4Tand then to be able to make viscosity measuremEeigsre 1 shows the TMA
curves of Ge-As-S glasses along the (85eS(As;S3)100x composition line. From the obtained curves

we were able to extract the dilatometric glassditaon temperature as well as the dilatometricesuofig



temperature and the thermal expansion coefficieetioh sample. Figure.1 shows the increase, and
T4 values through the increase of germanium condaemtrand the opposite was observed for thermal
expansion coefficient. Those observations are co@ance with the fact that germanium is fourfold
coordinated while arsenic is threefold coordinatBlaus replacing arsenic by germanium will increase
the network reticulation which will decrease therthal expansion coefficient. Moreover the bond
dissociation energy of Ge-S (534 + 3 kJ.)ds comparatively higher than As-S (379.5 + 6.3ndl™)

[14] which explain the raise ofyind Ty and the decrease @fwhen the Ge content increase.

0,010

0,008

0,006 -

AL/ L,

0,004

0,002

0,000

T T 1 T L} | T
0 50 100 150 200 250 300 350 400 450
Temperature (°C)

Figure 1. Thermomechanical analysis of Ge-As-S glass according to the composition line
(GeS)x—(AsS2S3)100-x

Figure 2.a shows the evolution of viscosity as acfion of germanium concentration along the

(GeS)x—(As:S3)100-x cCOMposition line. One can observe the temperaharease for a given value of



log () when Ge content increase. As in the caseq0dnid Ty this increase is due to the higher bond
dissociation energy of Ge-S compare to those 05AB the same time we can see an increase in the
slope of the viscosity curves with the increasgarmanium concentration, which leads to the risthef

flow activation energy following the viscosity ediga:

AHy)

n =o€ RT. (1)

Wheren is the viscosityno is the pre-exponential factor, R is the gas carnist&is the temperature and
AH, is the viscous flow activation energy. Hence, frva log {)) plots as a function of 1/T, one can
extract the values dafH, for each glass sample which are proportional stope of a linear curve. Even

if this mathematical treatment of the viscosity daad to an overestimation of the viscous flow
activation energy [15], the comparative evolutidrilee values allow us to have some information. For
instance the increase aH, with Ge content is of particular interest as gulés in a more pronounced
evolution of viscosity in the same range of tempem Consequently, smaller steps will be required
when we will increase the temperature of the gthssg drawing tests. Figure 2.b shows the evatutio
of viscosity as a function of sulfur content foragges having Ge/As ratio close to 1.25 (arbitrary
choice). We can clearly observe an increase ofaimperature for the same viscosity value as wedl as
rise of the slope and therefasdd,, when sulfur content decrease. Indeed, by incrgas$ia metalloids
content we increase the network reticulation aretefore the energy needed to dissociate the bonds.
This conduct to an augmentation of the energy reduio enable flow of the liquid. From viscosity
curves we were also able to evaluate the valuetheamiretical drawing viscositysTfor the samples
(viscosity ranging between 3®and 16), using a linear plot of the curves. Those infaioraallowed

us to start the drawing tests directly to a temipeeaaround to the theoretical drawing temperatune

thereafter avoid crystallizations of the prefornosinlg heat treatment.
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Figure 2: Viscosity curve as a function of the inuse of temperature for a) (Ge9)x—(AS2S3)100-x

glasses and b) Ge-As-S glasses having Ge/As ratiound 1.25.

The results obtained for all the samples are redodn Table 1. The results show an excellent
agreement with the data published by B.G. Aitked @\W. Ponader [8]. Still, some data are missing
for two compositions, namely GAs;5S3s and GesAszeSss. For the first one TMA measurement was
impossible to exploit due to an important curvestilations, which are probably relied to the begigni

of crystallizations. This was not critical for visity measurement but the measured values might be
strongly affected and should be taken with specale. For the second, we observed a huge
crystallization of the sample during the viscosibyeasurement and no viscosity values have been
extracted. Likewise, one can note the unusualiy Malue of expansion coefficient)(that has also
been observed by B.G. Aitken and C.W. PonademBjch is relied to the presence of,8s molecular

units in the glass samples [5].



Table 1: Glass transition temperature (), dilatometric softening temperature (Ty), theoretical drawing temperature (T),
density, thermal expansion coefficient and viscositactivation energy, mean coordination number MCN ¢ee Eqg. 1), and Ge/As

ratio of Ge-As-S glasses.

Glass compositions 4T Tq Te Density ol AHn
(g.cm) + (10° K™ + GelAs

(°C)x2 (°C)x2 (°C)x2 0.001 0.05 (kJ.mof) MCN ratio
GeyAS15335 370 410 518-547 3.73 11.744 423.15 2.85 0.44
Ge3 AS32.555 430 462 564-587 3.818 9.501 603.46 2.975 1
GeyASSss 435 - 540-559 3.919 - 704.77 3.05 1.6
GeyASz5ss 335 376 504-535 3.417 14.472 373.64 2.75 0.57
GesAS3 s 381 429 539-568 3.449 13.35 449.71 2.8 0.83
Ge30ASSss 415 458 558-583 3.46 11.078 546.46 2.85 1.2
GessAS s 435 455 545-566 3.51 10.277 636.01 2.9 1.75
GersAS30Sss 264 314 - 3.123 46.97 - 2.6 0.5
GeyAS5Ss5 307 398 476-509 3.133 23.247 336.28 2.65 0.8
GeysASSss 360 418 534-571 3.132 12.91 352.56 2.7 1.25
Ge30AS15555 415 486 563-592 3.121 13.642 481.76 2.75 2
GeysAS15560 391 448 551-585 2.979 13.578 397.67 2.68 2.33
Ge10ASSs2 233 279 354-379 3.061 20.422 316.12 2.48 0.36
GersASySes 260 295 401-430 3.004 20.7 316.46 2.52 0.68
GeyAS1654 270 332 448-478 2.95 18.849 347.9 2.56 1.25
GesAS105%5 353 395 515-550 2.882 17.411 363.52 2.6 25
G&y7. AS;Se5.5 380 438 557-595 2.848 16.49 371.57 2.62 3.93
G6y6.1AS6.65567.23 335 390 520-557 2.818 16.3 336.41 2.58 3.93
Geys.5AS7 35563.78 390 435 568-603 2.879 15.24 404.85 2.65 3.93
Ge10AS15575 146 - 155 203 302-334 2.666 15.647 217.89 2.35 0.67

GesAS16S5 160 - 168 260 349-383 2.654 30.259 225.76 2.4 15



We also reported on Table 1 the mean coordinatiomber (MCN) of the samples, introduced by
Phillips and Thorpe [16,17], as well as the Ge/asor The MCN is the average coordination number

per atom and is expressed as follow:
MCN = 4x + 3y + 2z 2)

Where X, y and z are the atomic percent of gernmnarsenic and sulfur respectively. The MCN values
give a measure of the 3-D glass network connegtitéking into account that germanium is fourfold
coordinated, arsenide threefold and sulfur twofotsbrdinated. | has been showed by Phillips and
Thorpe [16,17] that chalcogenide glass compositiwith MCN value equal to 2.4 correspond to an
ideally constrained network and were more favorédaeglass formation. For instance a correlation ca
be made between the raise gfahd Ty and the augmentation of the MCN values for theggsamples
along the (Gegx—(As2S3)100-x COMposition line when GeXontent increase. As discussed before the
increment of germanium in the system increase #tevark reticulation, which is illustrated by an
increase of the MCN value. In the same time fore2AS constant ratio we can observe an increase of
the MCN when the sulfur content decrease, whickldet an increase ofgTand T;. Managing the
Ge/As ratio is also important, because in thisagrrsystem one can count two different metalloid
elements. Due to the fact that they have distiectivordination numbers and structural charactesisti

they will influence differently the glass propesie

Knowing the optical transparency range of a glasmportant for optical fiber applications. Indeed,
can be seen on Figure 3, using germanium insteadrs#nic leads to a diminution of the low
wavelength glass cutoife diminution of the band-gap. This is due to thd taat the Geghas a higher
band-gap (E= 3.42 eV) [18] compared to the/ (E5 = 2.34 eV) [19]. Commonly, GeSjlasses are
known to be yellow whereas £% glasses are red. Then, on the shot of the samplegure 3, we

observe a progressive change in color along th&jse(As;Ss)100-x cCOMposition line from yellow



(compositions close to GgSo red (compositions close to &). The glass labelled C appeared to be

darker on the picture due to the light scatterihgyoups presence in the glass.
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Figure 3: Absorption coefficient in the visible betveen 500-800 nm of Ge-As-S glasses along the

(GeS)x—(As2S3)100-x COMpOsition line

On the other hand, as can be observed in Figutieede is no significant change in the multiphonon
absorption cut-off around 1000-833 ¢rwhen germanium was replaced by arsenic. The nmaitipn

limit is indeed characterized by broad intrinsisafption bands due to S-S (980 mGeS,, (833 cm



) and As$, (990 cni') [20]. However, we can observe the differencehia background absorption
depending on the glass compositions. This is dughé¢ofact that their linear refractive indices are
different and we did not proceed to a correctiofri@snel reflections. It can be due also to thegmee

of micro-inhomogeneities in the glass matrix whiate relied to impurities. The refractive index
depends on the polarizability of the atoms, sosthtestitution of sulfur by the metalloid elementsiabh

are more polarizable induce an increase of thact¥e index. Therefore, this explain why the glass
Ge0AssSss has a higher background loss. Likewise, we cartlseGe-As-S glasses exhibit extrinsic
absorption bands relied to hydrogen or oxygen imipsr As commercial precursors have been used
without any specific purifications, many absorptibands have been observed especially due to
impurities such as S-H (2500 & OH, (3575, 1585 cm), OH (3425cnT), S-OH (3225 cnt), SH,
(2320 cnt), Ge-H (2040 cnt), As-O (1120 crif), S-S (1316 cm), CS (1510 cnt) and Ge-O (1265

cm?) [20,21].

Wavelength (um)

2 4 6 8 10
0’8 T T T T T T 7T
o GesoAszssss
— Ge25AS10865
0.6 4 GezoAS1eSe4
e Ge15AS22863

Absorption coefficient (cm'1)

I ' I , I ' T : I ! I
6000 5000 4000 3000 2000 1000

Wavenumber (cm"T)



Figure 4: IR absorption coefficient of four different unpurified Ge-As-S glasses between 6600 and
900 cm.

Optical fibers

In the first part of this work we performed a thainstudy of the different glass compositions. This
allowed us to obtain an important thermal propsrfiech as the theoretical drawing temperatureer th
viscous flow activation energy, which are of greatinterest for drawing tests. We were able then to
test the stretching into fibers for all the sampgsept for the GgAsz;0Sss due to the presence of a
crystallization during the viscosity measuremeny fking account of the theoretical drawing
temperatures we were able to start fiber drawingegrents around to the real drawing temperature
and limits the risk of crystallization. Moreoveigwing an idea of the viscosity evolution as functad
temperature facilitate the drawing tests. Partityldor the compositions with high viscous flow
activation energy, as their viscosity could deceediastically within a small range of temperatund a
became rather liquid rapidly. The results of thawing tests are presented in Figure 5. The drawn
compositions are presented by black stars, whigerddal triangles corresponds to compositions which
were crystallized. Taking account of the drawinguies obtained by T. Kanamori et al. [22] on binary
As-S and Ge-S systems (domains delimited by the Bhars) by using the same preform-to-fiber
drawing method, we were able to depict a fiber dngvdomain inside the glass forming region. Along
the (Ge9)x—(As2S3)100-x COMposition line, we can see that the drawingtlimmlocated between the two
compositions Gg sAsS;Ses5 and GesAs10Ses. It is well known that GeSglasses are difficult to obtain
and present a clear tendency for crystallizatiohictv explain why GeSglass fiber has never been
obtained. It is then normal that increasing Ge&tent until twelve molar percent in the pseudty

system, leads to the crystallization of the prefaluming drawing test. Moreover, one can see thaafo



constant Ge/As ratio of 3.93 (arsenic concentratitose to 7% around the (G2e—(AS2S3)100-x

composition line) the tendency for crystallizatismmore pronounced for composition having an excess

of germanium.
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Figure 5: Ge-As-S ternary diagram with (- - -) repesenting the glass forming region (from
Musgraves et al.[5] ) and ( - -) the fiber drawing region. Black stars representsGe-As-S
compositions that could be drawn, blue stars are #hcompositions delimitating the drawing region

between As-S and Ge-S binary systems (frof22]). Red triangles characterizes the compositions



crystallized during the drawing procedure, while oange squares corresponds to the G#AS3;Sss

composition which have been crystallized during viosity measurement.

Also we can observe that decreasing the sulfurectninder a limit of 45% leads to the crystalliaati

of the preform. At such a low content of sulfure inks between atoms are essentially dominated by
metal bonds, which are less directional and heead to an under constrain network, despite the high
MCN values. If the bonds are metallic, this turtoim network were the atoms can rearranged more
easily and.e to a system more favorable to crystallizationadidition it has to be mentioned that for all
the compositions inside the fiber drawing regionweze able to deposit a polymer coating, reveading
relatively good mechanical stability. Moreover,ngspptical microscope, no visible crystallizaticawvhk

been observed on the surface of the fibers.

After drawing, we performed attenuation loss measient on the obtained fibers. Though the loss are
high the fiber was well transmitting in this rangé wavelength and one can observe the extrinsic
absorption bands due to S-H and O-H at 4.0 pm (260%) and 2.92 um (3425 ¢ty respectively [20].
The losses are due to the use of unpurified ravermadd as well as the type of used fiber which was
single index. We remind that the main objectivehid work is to explore the possibility to obtaimew
optical fiber in Ge-As-S system, so efforts weré¢ Ioeen focused on the specific purification. Table
resume the attenuation results for some compositain1310 and 1550 nm wavelengths. However,
using a purification process of the elements armbsimg a core/clad fiber instead of single indeg, w

could obtain lower values of losses.

Table 2: Attenuation losses of optical fibers at 110 and 1550 nm wavelengths using the cut-back

technique



Glass compositions Loss(dB/m) £ 0.1

@ 1310 nm GgAS1,S%0 12.3
GexsAS10S65 12.8
Ge0AS255s5 8.4
@1550 nm GRAS2Ss3 15.6
GexsAS30345 24.2
Conclusion

A complete analysis of thermal and physical prapsrin the Ge-As-S glass system is reported. A
particular attention has been paid on TMA and \8ggomeasurements, and we have been able to
measure the values of thermal expansion coefficistous flow activation energy and theoretical
drawing temperature except for the two compositiBe,0AssS35 and GesAs3eSss). The measured
values are in accordance with the previous worlonteg by B.G. Aitken and C.W. Ponader. The
knowledge of these values enabled us to explordrdng@ing capability of all the glass samples cawgri
wide area of Ge-As-S glass forming region. We shibwet it was possible to obtain single index
polymer coated optical fibers on a wide range ahposition using the classical preform to fiber
drawing technique. From the results we were abldejoict for the first time a fiber drawing domain
inside the Ge-As-S ternary system. The attenudtisses measured at 1310 nm was ranging between
8.4 and 12.3 dB/m. Although this value is highstisi due to the single index geometry of the filzard

the low purity of the raw elements used for thesglaynthesis. The wide range of properties of this
system combined to his large fiber drawing regewveal an unexplored potential for this ternary exyst

as IR optical fiber or multimaterial fibers.
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