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In this work, we present the fabrication of chalcogenide photonic crystal fibres (PCFs) with a solid core for three different
glass composition containing a variety of chalcogens. We show that the Stack and Draw technique currently used for silica
PCFs can be problematic in the case of chalcogenides glasses. We prove that excess losses are related to the interface between
the capillaries. We also present correct PCF design enables a significant improvement of final fibre losses. We obtained a

lowest attenuation of 3 dB/m at 1.55 um, of 4.5 dB/m at 3.39 m and 6 dB/m at 9,3 ym.
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1. Introduction

Chalcogenides glasses are based on chalcogen elements
(Sulphur, Selenium and Tellurium) and other additive elements
such as Arsenic, Germanium, Antimony, or Gallium. Compared
to silica glass, they offer several distinctive optical properties:,
their transmission window extends far in the infrared spectral
region over the spectral range 0.5-1 y#m to 12-18 um; they
exhibit a high level of third order non linear optical susceptibility
2.9 which can be two or three orders of magnitude greater
than that of silica at 1.55 um. These properties enable the reali-
sation of a great number of optical devices based on chalco-
genide glass fibres. In terms of passive optical functions, laser
power transmission,”® optical sensing,” spatial filtering® and
imaging® have already been demonstrated with these fibres. The
large non linearity in these fibres gives rise to extremely strong
Kerr, Raman or Brillouin effects.'”™'® These effects have been
successfully used for the generation of active optical functions
such as optical signal regeneration, wavelength conversion,'?
switching'® and optical limiting.'® Furthermore, several chalco-
genide glasses offer the possibility of relatively high concen-
tration rare earth doping for amplification and lasing opera-
tions.'”

For many applications, the single mode guiding regime is
required. The most common single mode fibres are in a core-clad
step index configuration. They are realised in general using the
reliable double crucible process.'® These fibres have been widely
used to study optical functions by many research teams. Another
kind of fibre offering the possibility of single mode operation is
the solid core photonic crystals fibre (PCF).!"”’ These fibres
exhibit several interesting properties such as endlessly single
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mode operation, widely tuneable chromatic dispersion, single
mode guiding with a large or small effective area. They consist
of a periodic lattice of holes arranged around a solid core that run
along the fibre length. The distance between hole centres, A, the
hole diameter d, the number of rings Nr and the index of refrac-
tion n, are the main parameters affecting PCF properties. The
most common fabrication method is the “Stack and Draw”
method that has proven reliable for silica glass for more than a
decade.

Recently, chalcogenides PCFs have been fabricated using this
technique.?”?? They present important potential for most of the
applications note above. One subject of particular interest is the
generation of non linear effects in the infrared region by com-
bining the large chalcogenide non linearity with a small guiding
mode propagating in PCF. The generation of a spectrally broad-
band source has already been demonstrated using these fibres.?
However, the guiding losses of chalcogenide PCFs are still too
high to realize efficient optical function. They can be two or three
order larger than the intrinsic chalcogenides material losses.

In this paper, our investigations deal with three compositions
of glasses containing various chalcogens (S, Se and Te). We
report PCFs transmission measurements from these three glasses
compositions and show that the “Stack & Draw” technique can
be problematic in the case of these glasses. We indicate the origin
of the main loss generating mechanism and present a correct
design which enables a significant improvement of final PCF
losses.

This paper is divided into five sections. Section two is con-
cerned with chalcogenide glass fabrication, including a descrip-
tion of the glass synthesis process. Optical transmission curves
from three compositions are presented. In section three, we
describe the PCF fabrication and show their cross section with
an original design. Transmission values are given for different
wavelengths. Section four discusses of the origin of losses and
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why a specific design improves the transmission.
2. Fabrication of chalcogenides glasses

Chalcogenides glasses are based on Sulphur, Selenium, Tellu-
rium and the addition of other elements such as arsenic, germa-
nium, antimony, gallium, etc. In our work, we are interested in
three compositions including the three chalcogen elements:
Gei5SbaoSes (GeSbS), AssoSeso (AsSe) and TezoAssoSeso (TAS).
They have been chosen for their great stability against crystalli-
sation effect. Their principal optical and thermal properties are
given in Table 1.

The high purity raw materials (5N) used for glass fabrication
were placed in a silica tube and pumped under vacuum (107
mbar). A preliminary thermal treatment under vacuum is neces-
sary to remove some residual pollutants present in the raw
materials. Water is removed by heating sulphur at 120°C and
oxides are removed by heating As and Se respectively at 290°C
and 240°C.

After sealing, the silica tube was progressively heated to
around 800°C or 900°C during 12 h in a rocking furnace. The
batch was then quenched in water and the glass was annealed at
the glass transition temperature 7,. At this process stage, some
static and dynamical distillation under vacuum has to be done to
obtain high purity glass. Solid particles such as carbon can be
removed by static distillation. Dynamical distillation enables the
removal of bubbles and volatile compounds such as C-S, water
and hydrocarbons. The batch was then placed once again in a
rocking furnace, quenched and annealed as during the first pro-
cess stage. The rod sizes obtained were typically 12 mm* 12 cm.
One part of them was then drawn down to 400 um single index
fibre (another part was used to make capillaries tube). These
single index fibres were used to determine intrinsic glass losses
via the cutback method using a FTIR setup. Figure 1 show the
attenuation curves of the three chalcogenides glasses studied.
Table 2 gives the attenuation for different wavelength. For GeSbS
glass, the lowest attenuation is 0.2 dB/m at 5.2 gm while it is 1,3
dB/m at 7 yum for TAS glass and it is 0.3 dB/m at 4 ym for AsSe
glass. One can observe specific absorption bands at 4.1 gm and
4.5 ym. They are respectively due to S-H and Se-H bonds. With-

Table 1. Optical and Thermal Properties of the GaSbS; TeAsSe and
AsSe Glasses

Glass Glass transition ~ Drawing  Refractive Refractive Refractive
composition  temperature, Temperature index at index at index at
(mol%) T, (°C) (°C) 1,55um  339um 93 um

Ge15Sba0Ses

(GeSbS) 250 360 2.30 - -
AssoSeso
(AsSe) 185 320 2.83 2.78 -
Tea0Asz0Seso
(TAS) 137 250 - 2.93 2.90

Table 2. Chalcogenide Material and PCF Optical Losses

Glass Wavelength Material losses PCFs optical losses PCFs optical losses
(um) (dB/m) (dB/m) Interstitials Interstitials
holes collapsed holes opened
Ge15SbaoSes 1.55 0.5+/-0.2 >20 34/-0.25
(GeSbS) 3.39 0.6+/-0.2 >20 4.5+/-0.25
AsqoSeco
(AsSe) 1.55 1.05+/-0.2 >20 5+/-0.5
Te20As30Seso 3.39 2.5+/-0.2 >20 9+/-0.5
(TAS) 9.3 1.5+/-0.2 >20 6+/-0.5
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Fig. 1. Attenuation curve of single index GeSbS, AsSe and TeASSe
fibres.
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Fig. 2. Cross section of GeSbS photonic crystal fibre: interstitials holes
collapsed. Attenuation at 1,55 and 3,39 #m > 20 dB/m.

out purification, their intensity can reach more than 50 dB/m.

3. Chalcogenide photonics crystals fibre fabrication
and transmission measurements

Chalcogenides glass tubes of 12 mm outside diameter, 5 mm
inside diameter and 12 cm length were obtained by a centri-
fugation technique. Chalcogenide glass placed in a sealed silica
ampoule was heated to liquid temperature (typically 700°C). The
melt was then spun at around 3000 rpm at ambient temperature
during several minutes. After few minutes the vitrified tubes
were formed.

One of these tubes was drawn down to obtain capillaries of
around 600 #m outside diameter. These were then stacked in a
hexagonal lattice around a central rod of identical diameter and
placed in a larger jacket tube. The fibre pre-form was realised by
applying a depression to perfectly collapse the jacket tube around
the microstructure via a descent of a few mm/min in the furnace
of the drawing tower. An important point is to adjust parameters
of depression and furnace temperature in order to prevent the
collapse of capillaries holes and interstitials holes between cap-
illaries. Three pre-forms were been realized, each of them corre-
sponding to one of the glass composition studied.

During the fibre drawing process, two independent variable He
gas pressure (or depression) systems were used. One of them
maintained pressure inside capillaries holes to prevent their col-
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Fig. 3. Cross sections of chalcogenides photonic crystals fibers ((a) GaSbS, (b) AsSe, (c) TAS): interstitials holes opened.

Table 3. Photonic Crystal Fibre Parameters

Glass A (um) d (um) dIA r (um)
Ge5SbaoSes
(Gesps) | 1325+-0.1 4194005 0316 36
ASw0Se0 335101 5854005 0438 355
(AsSe)
TexAs30Seso
(TAS) 13774/-0.1  6.14+/-0.05  0.446 292

lapse. The other was applied alternatively in a negative or posi-
tive pressure regime inside the interstitial holes. The goal was to
obtain sections with open or closed interstitial holes and compare
transmission properties. For the three preforms, sections of sev-
eral meters with interstitials holes collapsed were firstly drawn
and secondly section with interstitials holes opened.

Figure 2 shows SEM pictures of the central region of a three
rings GeSbS PCF where interstitial holes were collapsed under
about 100 mbar of depression while 20 mbar of positive pressure
was used in maintaining in capillaries holes. The distance
between the hole centers is A = 13.25 um and the hole diameter
d is 4.19 ym. Two further three rings AsSe and TAS PCFs (not
presented here) with interstitials holes either opened or closed
were realised with conditions of pressure and depression close to
the same parameters mentioned above. Figures 3 represent the
PCF cross sections of the three chalcogenide glasses studied with
a positive pressure (about 10 mbar) applied to open the intersti-
tials holes. The interstitial holes have a triangular form: we
define r as the base of an equilateral triangle having an area equal
to the area measured by numerical imaging software. Table 3
gives, for the three PCFs, the average of the geometrical param-
eters, A, d and r taken in the first central ring of holes.

These fibres exhibit single mode operation behaviour for sec-
tion longer than 20 cm. The output mode profiles were imaged
onto infrared cameras using a near field technique for the wave-
lengths indicated in Table 2. For all sections, the output profiles
were accurately fitted with a Gaussian function indicating single
mode behaviour. Moreover, by changing injection conditions, no
higher order modes were observed. As can be seen in reference,?”
the high refractive index of chalcogenide glass ensures a much
stronger confinement than that of silica. Consequently, fewer
rings of holes are needed to obtain the same guiding losses. For
the d/A values given Table 3, three rings of holes ensure guiding
losses below the intrinsic material losses given in Table 2.

The attenuation coefficient of both the section with collapsed
interstitial holes and the section with opened interstitial holes
was then measured for different wavelengths using the cut back
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method. Sources used for 1.5 gm, 3.39 ym and 9.3 ym are
respectively a laser diode connected to a single mode fibre, a CW
HeNe laser and a CW CO; laser. Detectors used for 1.5 gm, 3.39
4m and 9.3 ym are respectively a photodiode, a non cooled pre-
amplified InSb photodiode and a nitrogen-cooled mercury cad-
mium telluride (MCT) detector. An indium coating was applied
to the fibres to remove cladding modes. Results of attenuation
measurement are given in Table 2. When the interstitials holes
are collapsed, the losses are greater than 20 dB/m for all the
fibres for each wavelength measured. When the interstitials holes
are opened, the transmission is significantly improved. For the
GeSbS PCF, the attenuation coefficient is 3 dB/m at 1.55 #m and
4.5 dB/m at 3.39 um. For the AsSe PCF, the loss is 5 dB/m at 1.55
pm and for TAS, it is 9 dB/m at 3.39 ym and 6 dB/m at 9.3 ym.

4. Discussion

Compared to the intrinsic material losses, the transmission
measurements show an excess loss of around 20 dB/m for PCF
sections with no interstitial holes. However, when the interstitials
holes are present, excess losses is reduced to a few dB/m for the
three compositions of chalcogenide glass studied. These results
indicate that the excess losses are related to the interface between
the capillaries. To validate this assumption, we applied 100 mbar
of negative pressure to the interstitials holes during the jacketing
operation for the GeSbS glass. This value of pressure is enough
to perfectly collapse the jacket tube on the microstructure and to
partially collapse the interstitials holes. One of the advantages of
this glass is its transparency in the visible spectral region. A sec-
tion of several mms thickness of this perform was then observed
using an optical microscope. Figure 4 shows a superposition of
several pictures of the centre of the GeSbS pre-form. A great
number of bubbles appear at the capillary interfaces causing sig-
nificant scattering loss. We believe that the higher the level of
negative pressure for a given temperature the higher the number
of bubbles which are present. On the other hand, we observe a
colour contrast at the capillary interfaces that suggests a change
in the refractive index leading to excess loss. At the present time,
we do not know the precise nature of this contrast. It may be
crystals, very small bubbles or volatile material deposition. We
think the same drawbacks happen for the AsSe and TAS glasses.
For these two glasses, any observation of the bubbles and index
contrast at interfaces in visible spectral region is not possible due
to the electronic edge absorption. However, the transmission
behaviour is the same for the three compositions glasses studied
when the interstitials holes are opened or closed.

The reduction in loss when the interstitial holes are opened is
explained by a reduction in the surface area of direct contact
between capillaries and in the reduction of the overlap between
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Fig. 4. Cross section of GeSbS preform: Interface problems.

the electric field and the region of the glass interface (the inter-
stitial holes provide supplementary optical confinement). The
guided mode therefore encounters a smaller area of glass-glass
interface with a consequential reduction in scattering loss. As
can be seen from Table 2, the fibre losses are still a few dB/m
greater than the intrinsic material losses because a small fraction
of the electric field overlaps the glass interfaces. Numerical mod-
elling would allow an optimised PCF design to minimize this
overlapping.

5. Conclusion

We have realized photonic crystal fibres with three different
compositions of chalcogenide (GeSbS, AsSe and TAS) glass.
The “Stack and Draw” technique was used to make the fibre pre-
forms. Using a differential pressurisation technique during the
fibre drawing process, we have shown that the presence of inter-
stitials holes greatly improves the transmission of chalcogenide
glasses PCFs. For the GeSbS and AsSe PCFs, the best transmis-
sion was respectively 3 dB/m and 5 dB/m at 1.55 um. For the
TeAsSe PCEF, the best transmission was 6 dB/m at 9.3 y#m. How-
ever, when the interstitials holes were collapsed, the transmission
of all the PCFs was greater than 20 dB/m. We have demonstrated
that excess losses are related to the glass interface region. On a
GeSbS perform cross-section of a few mm, we observed the
presence of a great number of bubbles and an induced refractive
index variation at the glass interface region causing significant
scattering losses. Parameters of temperature and depression have
a significant influence on formation of theses bubbles.

Further work will involve detailed investigation of this inter-
face problem. Firstly, we think the applied depression and draw
temperature could be adjusted to limit bubble formation. Sec-
ondly, calculations could help to diminish the overlap between
the electric field and the interface glass region.
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