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Abstract: We report recent progress on fabrication of solid core 
microstructured fibers in chalcogenide glass. Several complex and regular 
holey fibers from Ga5Ge20Sb10S65 chalcogenide glass have been realized. 
We demonstrate that the “Stack & Draw” procedure is a powerful tool 
against crystallisation when used with a very stable chalcogenide glass. For 
a 3 ring multimode Holey Fiber, we measure the mode field diameter of the 
fundamental mode and compare it successfully with calculations using the 
multipole method. We also investigate, via numerical simulations, the 
behaviour of fundamental mode guiding losses of microstructured fibers as 
a function of the matrix refractive index, and quantify the advantage 
obtained by using a high refractive index glass such as chalcogenide instead 
of low index glass. 
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1. Introduction 

Chalcogenide glasses offer several interesting optical properties including a large wavelength 
transparency window (from about 1 µm to above 10 µm) and a high refractive index (greater 
than 2). Depending on composition, the nonlinear coefficient n2 has been measured to be 
between 100 to 1000 times larger than for silica glass [1]. Theses high values are very 
attractive for applications such as all optical signal processing, optical demultiplexing, raman 
amplification, and broad band spectrum generation [2], [3]. Chalcogenide glass based optical 
fibers are also attractive as a transport medium for high power infrared (IR) lasers such as CO2 
lasers and are currently actively studied in optical sensor systems using IR optical detection 
[4]. Furthermore, several chalcogenide based glasses offer the possibility of relatively high 
concentration rare earth doping for amplification and lasing applications [5].  

For many applications, single mode guiding is required. In the recent past, single mode 
guiding in chalcogenide glass fibers in a step index configuration has been demonstrated, 
using, in general, rod in tube or double crucible processes [6]. Theses methods require 
significant care and expertise in order to prevent crystallisation effects, bubbles, 
contaminations at the core/cladding interface and ellipticity of the core. Moreover, great 
precision in the index of refraction is needed in order to ensure single mode guiding.  

For single mode fibers in a step index configuration, very small or very large mode field 
diameters (MFD) are difficult to obtain since the precision required for the core and clad 
refractive index are incompatible with the bulk glass forming techniques used. Nevertheless, 
large MFDs are useful to minimise the risks of glass damage during the transport high power 
laser beams and small MFDs enable the enhancement of nonlinear effects.  

A solution to the above problem may be found in Holey Fibers (HF) also named 
microstructured fibers [7]. These fibers exhibit remarkable optical properties: very small or 
very large mode areas [8]; widely tuneable dispersion [9]; endlessly single mode operation 
[10]. These fibers consist of a periodic lattice of low index inclusions (very often simple 
holes) arranged around a solid core that run along the fiber length. In silica glass, the most 
common fabrication method is the “Stack & Draw” technique. Glass capillaries are stacked in 
a hexagonal lattice of several rings, and surrounded by a glass jacket to form the fiber 
preform. This process enables the realisation of complex structures and it is reproducible. 

So far, in the case of chalcogenide glass, there are few articles dealing with holey fibers 
[11, 12]. In [11], a first holey fiber based on the Gallium Lanthanum Sulphide glasses system 
was realized with one ring of non regularly arranged holes. In [12], a section of As-Se holey 
fiber is presented, here the pre-form was fabricated by stacking one ring of tubes and 7 rings 
of rods around a central rod with no outer glass jacket, giving one ring of “guiding” holes and 
7 rings of very small interstitial holes formed from the gaps between the glass rods. In the 
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present paper, we report recent progress on the fabrication of holey fibers with GaGeSbS 
chalcogenide glass using the “Stack & Draw” procedure. The fabricated fibres present 
multiple hole rings formed by stacking multiple capillary layers, as is required to offer control 
over modal and dispersion properties while ensuring low propagation loss. We measure the 
mode field diameter and compare it with calculations using the well established multipole 
method. 

2. Glass fabrication  

The nominal glass composition is Ga5Ge20Sb10S65 (2S2G) [13]. High purity raw materials 
(5N) are placed in a sealed silica tube under vacuum (10-5 mb), heated at 800°C for 12h and 
then quenched in water. The index of refraction is 2.25 at 1550 nm and the nonlinear 
coefficient, n2, is measured to be 120 times greater than that of silica. This particular glass is 
transparent from 0.6 µm to 10 µm (low loss fiber fabrication is possible from 1 to 6 µm). The 
glass transition temperature, Tg, was measured with a differential scanning calorimeter 
(DSC). Tg is measured to be at 305 °C as indicated by Fig. 1 which shows the thermal flux 
versus temperature. Between 305 °C and 500°C, this composition exhibits no crystallisation 
peak in the DSC curve when heated at a rate of 10°C/min. 

  
Fig. 1. determination of transition temperature Tg by DSC measurement for 2S2G glass 

 
Furthermore, there is shallow variation of viscosity with temperature allowing stable fiber 

draw over a range of several tens of °C. These properties make this glass an ideal candidate 
for the “Stack and Draw” technique. 

To make the core rod, the glass is quenched in water and then annealed near the glass 
transition temperature for 30 min and cooled down to room temperature. For tube fabrication, 
a glass melt at 700°C is spun at 3000 rpm at ambient temperature during several minutes [Fig. 
2(a)]. During cooling, the viscosity increases and after a few minutes the vitrified tube is 
formed Fig. 2(b). The tube size used here is typically 12cm*12mm*5mm (length*outer 
diameter*inner diameter). 

 

  
Fig. 2. (a) rotational casting set up Fig. 2. (b) chalcogenide tube 

formed by rotational casting 
 
3. Holey fiber fabrication and characterization 

A chalcogenide (2S2G) tube, placed in a suitable furnace in a drawing tower is drawn down to 
form capillaries with an outer diameter typically of 665 µm. These tubes are stacked in 
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hexagonal lattice, with a rod of identical diameter in the central region, and placed in a larger 
jacket tube to create the pre-form. The jacket tube is then collapsed around the microstructure 
via an initial rapid descent through the furnace of the drawing tower, with very little 
deformation of the capillary tubes. The fiber is then drawn at a rate of 5 m/min at a 
temperature of around 480 °C. A variable gas pressure system enables precise control of hole 
size during the draw. 

Figure 3(a) shows the cross section of the solid core chalcogenide HF, which is based on 
the subset of a triangular lattice. The fiber consists of 3 rings of holes (Nr=3). The outer 
diameter, Φext, of the HF is 147µm, the distance between hole centers (pitch) is Λ=8 µm, the 
average hole diameter is d=3.2 µm and the ratio d/ Λ is estimated at 0.4. In the upper right 
region the holes are larger than in the other regions. This is almost certainly due to the pre-
form being off centre in the furnace, creating a non uniform viscosity. The higher temperature 
region experiences lower viscosity and presents less resistance to the pressure inside the 
capillaries/holes. 
 

 
 

Fig. 3. (a) cross section of 3 
rings HF; Φext=147 µm 

Fig. 3. (b) experimental Mode Field 
Diameter measurement 

 
The output profile of the guided mode near to 1550 nm was investigated using a near field 
measurement. An indium metal coating was applied to inhibit cladding mode guidance. Light 
from a broadband source at 1550 nm was injected into the chalcogenide HF via a standard 
single mode fiber and the output from the fiber end was imaged onto an infrared camera. As 
shown in Fig. 3(b), the output profile can be accurately fitted with a Gaussian function. The 
mode field diameter (MFD) at 1/e2 of maximum intensity was measured to be 8.3 µm, 
comparable to the MFD of conventional single mode fiber. Using the well-established 
multipole method [15,16], we compute the MFD for this irregular profile. We obtain a MFD 
of 10.75 µm on the x axis (see Fig. 4(b) for the axis definition) and 11.45 µm on the y axis, 

for a perfect C6v (i.e. a structure invariant by 2π/6 rotations and by plane symmetries) 
microstructured fiber defined by the average geometrical parameters defined above. The 
relative error between the experimental result and the numerical simulations is about 25% 
which is larger than the estimated measurement error. If we consider several irregular profiles 
with circular holes mimicking the measured profile, the computed MFD are still in the range 
[10.4, 11.8] µm. Consequently, we must assume other hypothesis to explain the MFD relative 
error. This important relative error may be due to small longitudinal variations along the fiber 
of this imperfect structured profile. It may also result from slight variations of the matrix 
refractive index in the core and cladding regions since the capillaries and the central rod come 
from two different batches of 2S2G glass. If this hypothesis is right and since we have 
observed a MFD smaller than the computed one, we may assume that the central rod 
refractive index is slightly higher than for the capillaries. Concerning the single-modedness  
of the fabricated fiber, since the average hole diameter over pitch ratio is equal to 0.4, the 
fiber is near the upper border of the endlessly single-mode region defined for solid core C6v 
microstructured fiber with an infinite number of hole rings (see Fig. 4 in Ref. [14]). As 
demonstrated in this reference, we can't neglect the cladding size effect for the single-mode 
behaviour of the considered fiber in which the number Nr is equal to three. Therefore the 
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endlessly single modedness of the fabricated fiber is not guaranteed. Furthermore the 
imperfect profile and the supposed index difference mentioned above may also modify the 
single mode properties compared to the perfect C6v microstructured fiber used in the above 
numerical study. 

Another 3 rings Holey Fiber was realized under the same experimental conditions, but 
with a better control of the hole diameter and with capillaries and central rod from the same 
batch. Figure 4(a) shows a picture of the fiber. The step Λ is about 7.7 µm and the diameter d 
of the holes is 4.85 µm. The ratio d/Λ of 0.63 indicates multimode guiding at 1550 nm even 
with only three hole rings [13]. About 10 centimetres of the holey fiber, held straight, was 
used in the previous injection set up, with only the fundamental mode excited. Figure 4(b) 
shows the near field intensity distribution of the microstructure with a guiding beam at 1550 
nm.  

  
Fig. 4. (a) cross section of 3 rings HF; Φext=137 µm Fig. 4. (b) Near field intensity 

distribution  in the Holey Fiber 

The regular structure enabled us to compare more accurately the experimental and the 
theoretical mode field diameter measurements. Following a Gaussian approximation 
experimental measurements give the MFD at 9.3 µm on the x-axis and 9.66 µm on the y-axis. 
Calculation results with the multipole method gives a MFD of 8.64 µm on the x axis and 9.03 
on the y axis. The agreement between experiment and theory is much better for this fiber, with 
an average error of 7%.  

4. Discussion 

In this work, we have presented a single mode and a multimode holey fiber with 3 rings. The 
profile of the second fiber is, to the best of our knowledge, the first demonstration of a regular 
(regular d and Λ) multi-hole layer index guiding fibre based on chalcogenide glass. Here we 
have focused on the fabrication of HF with a MFD near that of standard single mode silica 
fiber in order to facilitate coupling. We believe that this work can be extended to produce very 
small MFDs with only 3 or 4 rings of holes. Indeed, the high index of refraction of 
chalcogenide glasses enables a better confinement of the light. In paper [17], for an index of 
refraction of 2.5, d/Λ=0.4, Λ=2.3 µm, λ=1550nm and 4 rings, calculations show that guiding 
losses are less than 5 dB/km, significantly lower than the 1-2 dB/m Ga5Ge20Sb10S65 material 
losses around 1550 nm. Such a structure could be of significant interest for the realization of 
compact non linear devices. The demonstration of the advantage obtained with respect to 
guiding losses with the high refractive index of chalcogenide glasses is made below, using 
numerical simulations. It is well known that an increase of the number of hole rings, Nr, 
induces a decrease in the fundamental mode loss, L [16]. In the considered wavelength range, 
L decreases geometrically with Nr. We introduce the ratio of the fundamental mode guiding 
losses L(m+1) for a microstructured fiber made of Nr=m+1 hole rings over the fundamental 
mode losses L(m) for a Nr=m fiber. Slight variations of this ratio L(m+1)/L(m) occur for 
different and small m values. In order to give an unique but meaningful value for this ratio, we 

compute its average, denoted <L(m+1)/L(m)> for m Є [1, 4]. In Fig. 5, we show this average 
ratio as a function of d/Λ for two matrix refractive indices. A lower loss ratio denotes a fiber 
with more efficient confining capacity. As can be seen in Fig. 5 (note the y axis logarithmic 
scale), a matrix refractive index of n=2.25 ensures much stronger confinement than 
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n=1.444024. Consequently, fewer rings of holes are needed to obtain the same guiding losses 
even for small values of d/Λ. It is worth mentioning that no material losses are taken into 
account in these numerical results. For the fabricated structures, the overall losses are set by 
the high intrinsic material losses. 

 
Fig. 5. Average ratio of the losses of a Nr=m+1 microstructured fiber (L(m+1)) over the losses 

of a Nr=m fiber (L (m)) for the fundamental mode as a function of d/Λ for two matrix 

refractive indices n=1.444024 and n=2.25 (Λ= 2.3 µm and λ=1.55 µm), see the text for the 
definition of the average. 

     Furthermore, compared to a step index single mode fiber in chalcogenide glasses, HFs 
offer more tolerance for the realization of single mode guiding. Actually, numerical and 
theoretical results [14] demonstrate that the critical ratio (d/Λ)s.m delimiting the endlessly 
single mode regime in C6v solid core microstructured fibers with an infinite number of hole 
rings Nr is in the interval [0.42, 0.425]. For finite size HF this critical ratio (d/Λ)s.m depends 
on Nr, and it converges towards the infinite cladding critical ratio as Nr increases. Using the 
multipole method, we obtain that, for a 6 ring microstructured fiber with a pitch equal to 8 
µm, a ratio d/Λ  =0.35 ensures single mode guiding (in the sense defined in reference [14]) at 
1.55 µm. Besides, if we change the matrix refractive index of 1% around 2.25, the single 
modedness is preserved. In the case of a step index single mode fiber, the composition of core 
and cladding glasses must be perfectly controlled and many iterations are often necessary to 
produce the required index of refraction. Accuracy better than 10-3 in refractive index for the 
core and cladding glasses is often required to obtain single mode guiding. 

5. Conclusion 

The first Holey Fibres in GaGeSbS chalcogenide glass have been manufactured. We have 
demonstrated the possibility of fabrication of complex structures up to three rings using the 
“Stack & Draw” technique. The use of a stable glass with excellent thermo-mechanical 
properties is key in allowing us to use tried and tested fabrication techniques. We believe that 
the combination of this technique and chalcogenide glass holds great potential for the 
realization of both small and large effective area fibers, with applications not only around 
1550 nm but also in the mid infrared window. The ability to precisely control geometry from 
preform assembly through to final fibre fabrication opens up the possibility for the fabrication 
of infrared air guiding photonic band-gap fibres. In this work, we found an experimental mode 
field diameter in good agreement with calculations. In future work, we plan to improve the 
purity of our chalcogenide glass and our drawing process in order to reduce the overall losses. 
We also plan to characterize the single mode behaviour of our HF and their modal properties 
including losses and chromatic dispersion.  
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