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We report the fabrication and characterization of tellurite TeO,-Zn0O-Na,0 (TZN) microstructured sus-pended core optical fibers (MOFs). These fibers are
designed for infrared supercontinuum generation with zero dispersion wavelength (ZDW) at 1.45 pm. The measured losses at this wavelength are

approxi-mately 6 dB/m for a MOF with a 2.2 um diameter core. The effective area of a particular fiber is 3.5 um? and the nonlinear coefficient is calculated
to be 437 W~'km™!. By pumping a 20 cm long fiber at 1.56 pm with a sub-nJ femtosecond laser source, we generate a supercontinuum (SC) spanning over

800 nm in the 1-2 pm wavelength range.

1. Introduction

During the last 20 years and more especially in the recent past
years, soft oxide glasses have been involved into a stimulating re-
search process because of their strong nonlinear optical properties,
which are of great interest in view of broadband infrared laser
sources and potential applications in diverse areas of science and
technology [1-4]. In present time, mid-IR sources are based either
on optical parametric oscillators, which require large lasers and
can be rather complex, costly to maintain and hard to scale up in
power, or on low power quantum cascade lasers for instance. The
solution to these difficulties started to appear since the first report
of broadband supercontinuum generation in microstructured opti-
cal fibers (MOFs) [5]. This type of fibers generated broad interest
due to their unique guidance properties, high nonlinearities and
dispersion management [6,7]. The use of MOFs for supercontinuum
generation is particularly attractive since tight mode confinement
can be realized increasing fiber nonlinearity and because the zero-
dispersion wavelength (ZDW) can be tailored to optimize super-
continuum generation for a given pump wavelength [3,8].

At the same time we observe the development of new materials
that combine desirable thermo-mechanical properties with good
optical quality that are necessary conditions in order to get high
performance lasers. Lots of works on glass composition have been
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reported in silicate, borate and phosphate glasses, but tellurite
glasses deserve the greatest interest due to their potential for non-
linear optical devices. Wang et al. have established a detailed com-
parison of tellurite, silica, fluoride and chalcogenide glasses
properties [9], Snitzer et al. have presented the compositions of
glasses for fibers fabrication [10] and numerous glass compositions
[11-13] have been developed for nonlinear optics.

Our goal is to acquire a good control of tellurite MOF fabrication
and of their nonlinear optical properties for the development of
efficient broadband laser sources in the mid-IR. We report here
our first attempt in that field. We have fabricated tellurite MOFs
from TZN glass and have carried out their optical characterizations.
Robust guidance at 1.55 pm was confirmed by optical measure-
ment. We have then used a femtosecond (fs) pulsed laser at
1.56 pm to pump a tellurite fiber presenting a ZDW around
1.45 pm and an attenuation of 6.3 dB/m at 1.55 pm together with
a quite small effective mode area (Ay) of 3.5 um? By pumping a
20 cm long sample of this fiber, we observed an infrared supercon-
tinuum generation expanded over 800 nm between 1 and 2 pm.

2. Experimental
2.1. Glass preparation

Tellurite bulk glass preforms were prepared using the following
raw materials: tellurium (IV) oxide (Alfa Aesar, 99.99%), zinc oxide



(Alfa Aesar, 99.99%), sodium carbonate (Alfa Aesar, 99.99%). At this
stage of our synthesis process, no additional in-house purification
procedures were employed to reduce moisture or to eliminate
trace levels of contaminants remaining in the commercial raw
materials. Mixed batches were melted in platinum crucibles at
875 °C for 1 h, in an adequate ratio of raw materials corresponding
to the molar composition 80% TeO,, 10% ZnO, 10% Na,0 (TZN). We
have chosen this composition because it shows a good potential for
the drawing of nonlinear optical fibers [14]. In order to improve the
homogeneity of the obtained glass, a stirring operation was carried
out by opening the furnace and shaking the crucible during the
glass melting process. The melts were poured in a brass mould pre-
heated at 190 °C and subsequently annealed at approximately the
glass transition temperature (Tg) for 8 h. Note that all the synthesis
process was realized in room atmosphere. The glass samples were
then cooled down slowly to room temperature. A typical batch
weight was 70 g. The obtained glass rods preforms were typically
7 cm long for a diameter of 16 mm. These preforms were polished
in view of fiber drawing. Small cylindrical slices were taken from
them as spectral measurements samples.

2.2. Thermal and optical properties of the glass

Differential scanning calorimetry (DSC Q20 V24.4 Build 116)
was used to determine the glass transition temperature T, and
the crystallization onset temperature T, of the vitreous samples.
The DSC curves were recorded in the 20-475 °C range at a constant
heating rate of 10 °C/min, in N, atmosphere and at a constant gas
flux of 50 ml/min. Approximately 10 mg of fine grain sample were
used for measurements.

Four millimeter thickness slices were cut in the glass preforms
and optically polished. The absorption spectra of the glasses were
recorded at room temperature using an UV-VIS-NIR spectropho-
tometer (Perkin-Elmer Lambda 900) in the 200-1350 nm spectral
range and a FTIR spectrophotometer (Perkin-Elmer Spectrum One)
in the 1300-6700 nm range.

2.3. Fiber design

The aim of our investigation was to get a tellurite MOF able to
generate an infrared supercontinuum. For that purpose, we exper-
imentally pumped the fiber near its zero dispersion wavelength
(ZDW) by means of a fs pulsed source at 1.56 pm. Thus it appeared
necessary to downward shift the ZDW of the glass close to the
pump wavelength with the help of an adequate MOF profile for
which the waveguide dispersion is able to compensate for the
material dispersion. Such a control of the chromatic dispersion
can be obtained using two kinds of MOF profiles: the conventional
one, based on a triangular lattice of holes and the suspended core
one [15]. The former design requires many rings of air holes around
the core to get guiding losses below material ones, even for high
index glasses [16]. This implies a more complex preform fabrica-
tion and handling. Thus the suspended core profile was more suit-
able to reach our objective. Note that the dispersion slope of MOFs
with large size air holes (much larger than the fiber core diameter)
is larger than the dispersion slope of MOFs with small size air holes
[17]. So, in this work, we have targeted tellurite MOFs with small
air holes to reduce the dispersion slope in order to get a quite flat-
tened SC [18].

2.4. Fiber fabrication

The fabrication of soft-glass microstructured optical fibers is a
difficult process due to the narrow working temperature range
and because of the necessity to realize a microstructured preform
[19]. Very often, the stack-and-draw technique is used for that

purpose. But this fabrication way presents many disadvantages
and can lead to a poor optical quality of the microstructured
preform. Typically, if we use the stack and draw procedure for a
tellurite MOF fabrication, we encounter a glass surface degradation
caused by handy manipulations, and the occurence of interstitial
holes [20]. Thus, other techniques for tellurite MOFs fabrication
have been developed by different research groups [21]. Here we
have chosen an alternative technique that we have already suc-
cessfully used for chalcogenide glass MOFs fabrication, and more
precisely for the drawing of chalcogenide suspended core fibers
[15,22]. Indeed, after annealing, the glass rod undergoes a mechan-
ical machining in order to get three 0.8 mm diameter and 30 mm
length holes surrounding a solid core (Fig. 1).

The prepared preforms were then drawn into fibers following
the usual way. Many parameters were controlled during this pro-
cess, such as preform temperature and translation speed, fiber
drawing speed, pressure in the holes and flow rate of inert gas cir-
culating along the preform. By selecting suitable sets of parame-
ters, we could vary core, outer and holes diameter and obtain a
complete control of fiber profiles. After fiber drawing, we have ta-
ken some pictures of the fibers core-sections with the help of a
scanning electron microscope (SEM), in order to check the geomet-
rical parameters of the fibers. Sections of several MOFs drawn from
the preforms obtained using our mechanical machining technique
are shown in Fig. 2a. These pictures allowed measurement of the
core diameters, defined as the diameter of the circle inscribed in
the triangular core. The fibers external diameters were around
85-130 um and core diameters varied within the range from 1.5
to 3 pm.

3. Results and discussion
3.1. Thermal and optical properties of the glass

To be considered as a suitable candidate for fiber drawing, the
glass must have a good thermo-mechanical resistance to casting
and a good stability against crystallization. This resistance to crys-
tallization can be estimated by measuring the bulk glass thermal
properties, its glass transition temperature Tg and its crystallization
temperature Tx. The difference between these values, AT=T, — Ty,
provides a gauge of the glass resistance to crystallization, and
should be as large as possible to ensure that the glass will form

Fig. 1. Picture of a 16 mm outer diameter tellurite glass preform with three air
holes around a solid core elaborated by mechanical manufacturing.



Fig. 2. Geometrical profiles of microstructured optical fibers drawn from preforms depicted in Fig 1. (a) Different suspended core fibers obtained with a good control of their
geometry: Spoles/Sfiver: 0.56; 0.45 and 0.35 and Dcore: 1.6; 2.0 and 2.2 pm respectively; and (b) SEM pictures used for the characterization of the geometrical profiles of TZN

suspended core fibers.

good optical quality fiber with minimal scattering losses due to
microcrystallites [23]. Typically, a AT value larger than 100 °C
leads to reasonable glass stability. As the preform must be hold
within a heated furnace during drawing, this thermal stability be-
comes important for realizing crystallite-free fiber. Fig. 3 presents
the differential scanning calorimetric (DSC) curve of our TZN glass.
The small endothermic peak corresponds to the glass transition
phenomenon (T, =285 °C). The intense exothermic peak corre-
sponds to a strong crystallization phenomenon with an onset
crystallization temperature which cannot be determined with
precision but which is above 500 °C. The small exothermic peak
for which T,=450°C indicates an early crystallization stage of
the sample.

Consequently, the glass thermal stability AT is over 150 °C,
which appears to be a suitable value, but the early crystallization
stage (Ty = 450 °C) could spoil the process of the fiber drawing. This
early crystallization, which has not been observed for a similar
composition [14], can be due to the fact that the DSC measurement
is conducted on powder, which favors a surface crystallization.

The Fig. 4 shows the infrared absorption spectrum of TZN glass,
exhibiting absorption bands in the infrared region due to hydroxyl
(OH) groups. Different OH bands are seen, their positions depend-
ing on the degree of OH hydrogen bonding (H-bonding) in the glass
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Fig. 4. Transmission spectrum of TZN glass.

[24]: strongly H-bonded OH (strong OH), weakly H-bonded OH
(weak OH), and free OH. A higher intensity asymmetric band is lo-
cated around 3350 nm (2985 cm™!), that is identified as a combi-
nation of weakly H-bonded OH and free OH. The lower intensity
band at around 4350 nm (2300 cm™!) is due to strongly H-bonded
OH in the glass. As shown in Fig. 4, the presence of OH absorption
bands decreases the glass transmission for wavelengths over
3000 nm. This is mainly due to the fact that the glass synthesis
has been performed in room atmosphere, leading to a pollution
of the glass with atmospheric moisture.

3.2. Fiber design

Using the SEM images of the tellurite MOFs core-sections
(Fig. 2), we compute their dispersion curves using standard beam
propagation method simulations [25]. As material dispersion curve
data, we use the Sellmeier equations for two compositions close to
our TZN glass, i.e. 80TeO,-20Na,0 (TeNa) and 75Te0,-25Zn0O
(TeZn) in molar % [26]. Fig. 5 presents the numerical prediction
of the chromatic dispersion for two tellurite MOFs with a sus-
pended core profile and a core diameter of 2.2 pm similar to that
of the fiber illustrated in Fig. 2b, calculated for both compositions.
The ZDWs are shifted to lower wavelengths, around 1.45 pum, and
their computed values for both compositions are very close. We
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Fig. 5. Simulations of the chromatic dispersion curves for two tellurite glass MOFs
from TeZn and TeNa compositions with a core diameter of 2.2 pm.

assume thus that the ZDW of our TZN suspended core fiber is close
to 1.45 pm.

3.3. Linear and nonlinear optical characterizations of tellurite MOFs

After the fiber drawing process we observe the slight appear-
ance of a weak surface crystallization of the fiber (Fig. 6) which
leads to scattering defects. This is due to the drawing conditions
(temperature, time and atmosphere) that are not yet optimized,
with a drawing temperature close to the early crystallization stage
(Fig. 3).

In order to characterize the guiding properties of our fibers, we
start from optical losses measurements. Similarly to conventional
optical fibers, the effective refractive index of the cladding is lower
than that of the core due to the presence of air holes, ensuring core
guiding of the light [27]. It is worthy to note that to ensure accurate
core propagation measurements in our small core MOFs, the clad
must be depleted from injected cladding modes. In this work, this

crystals

Fig. 6. Surface state of the TZN MOFs from SEM pictures. The bright points on the
fiber surface correspond to the crystal, which can appear during fiber drawing.

is systematically done by the deposition of an indium/gallium
metallic alloy, liquid at room temperature, onto the fiber, thus
leading to absorption of the evanescent waves related to clad prop-
agation. Sequentially, to verify that the light propagates in the core
of our microstructured fibers, we have imaged the output beam
intensity distribution using a microscope objective and an infrared
CCD camera. As shown in Fig. 7, the metallic coating leads to an
output beam emitted from the core only. Thus, the slight surface
crystallization which can be observed on the fiber will have no im-
pact on the fiber losses, since the core propagating light doesn’t
interact with the outside surface of the fiber. Depending on their
geometry, MOFs can support multimode or single-mode propaga-
tion. In our case, the theoretical calculations show that the drawn
TZN MOFs are not rigorously single mode. However, the output
profile, in the form of a Gaussian function whatever the chosen
injection conditions, confirms single mode behavior (Fig. 7d).

The cutback method was employed to characterize the fiber
optical losses [28]. The measurements were realized with the help
of a FTIR spectrophotometer working in between 1 pm and 2.2 pm
as well as using two discrete laser wavelengths at 1.06 pm and
1.55 um for comparison. The results show that we get a typical
attenuation curve for TZN single index fibers [28] with a minimum
of losses around 1.55 pm (Fig. 8). In the case of TZN MOF, the losses
are measured at 1.06 pum and 1.55 pm, since the core of these fi-
bers is too small for direct FTIR injection. The measured losses of
our 2.2 um diameter core TZN MOF at 1.55 pm are 6.3 dB/m, con-
sistent with the attenuation curve Fig. 8. The suspended core is iso-
lated from the external part of the fiber by three supporting struts,
thus the light which is injected in the core is confined in this core
and there is no interaction with the surface of the fiber. What is
more, the eventual cladding modes are depleted by the application
of a metallic alloy on the fiber surface. Thus, the surface crystalli-
zation has no influence on the suspended core fiber losses. What
is more, the fact that the losses of the MOFs are comparable to
the losses of the single index fibers indicates by the way that the
surface degradation of the fiber is finally weak.

The losses of our single index TZN fibers are actually higher
than that reported in other works [9,14,29], but of the same order
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and a pulse energy of 80 pJ.

that TZN MOFs [21]. Note again that no purification stage of the
glass was performed. This can explain the high losses values ob-
tained for single index fibers. So, the losses may be significantly re-
duced by using optical-grade chemicals for forming the glass
billets and by the improvement of the glass fabrication conditions.
However, the fact that the losses for TZN MOFs are comparable to
those of single index fibers indicates that no additional losses are
induced by our preform fabrication process. This process is suitable
for tellurite MOF fabrication as it is the case for chalcogenide MOF
fabrication [15].

We have then carried out nonlinear optical characterizations by
pumping the 2.2 pm suspended core TZN MOF with a fibered fem-
tosecond source delivering 100 fs pulses at 1.56 pm. The pump was
injected into the TZN MOF and the output signal collected and ana-
lysed through an optical spectrum analyser (OSA) or with the help
of a liquid nitrogen cooled InSb infrared detector. We have used
two fiber lengths, L, = 58 cm and L, = 20 cm, since the fiber charac-
teristics correspond to an effective length of 50-60 cm. At the same
time we have performed numerical simulations based on the well-
known generalized nonlinear Schrédinger equation [30]. The mod-
el takes into account the numerical chromatic dispersion and the
measured losses. It also includes Kerr effect (nonlinear Kerr coeffi-
cient is deduced from numerical calculation of effective area at
1.56 um: Aegr=3.5um? and y=437 W 'km™!), self-steepening
and Raman terms based on previous studies on tellurite glasses
[14,31]. Numerical predictions (Fig. 9a) are compared to experi-
mental spectra (Fig. 9b) for three distinct input pulse energies.

These spectra reveal a typical SC development which is con-
nected with the dynamics of soliton propagation and break-up in
the anomalous dispersion regime [30]. Namely, the initial stage
of self-phase modulation is followed by pulse break-up and a
subsequent soliton self-frequency shift (SSFS) towards longer
wavelengths owing to intrapulse Raman scattering. Moreover, by
pumping close to the ZDW, solitons generated in the anomalous
dispersion regime shed energy into dispersive waves (DW) in the
normal dispersion regime. We show that SC spectral broadening,
as induced by both SSFS (long-wavelength edge) and DW
generation (short-wavelength edge), grows progressively larger
for increasing input power. However, our numerical simulations
confirm that the limited spectral window of our analyser
(600-1750 nm) prevents a complete observation of the spectral
broadening. Indeed, the generated SC for the highest input energy
just of 134 pJ is expected to reach 2 pm, which gives a 1000 nm SC
bandwidth. In order to confirm a SC enlargement above 1.75 pm,
we used an InSb detector. Fig. 9c shows the numerical and exper-
imental spectra obtained on a 20 cm long fiber. Both numerical and
experimental spectra do not expand above 1.9 um, due to the
increasing losses in the infrared (Fig. 8), finally limiting the ob-
served SC bandwidth at around 800 nm.

During the course of the SC measurements, no physical damage
to the fiber facets was observed, since we used low optical powers.
We can note anyway that tellurites, with their smaller band gap
than silica, generate low-density electron plasma more readily un-
der strong optical excitation, thereby counteracting the self-focus-
ing effect and preventing catastrophic optical damage [13,32].

4. Conclusions

We have fabricated and characterized microstructured sus-
pended core tellurite fibers. A mechanical elaboration technique
was applied for the preform fabrication. By selecting suitable sets
of fiber drawing parameters we have been able to control the
geometry. A 2.2 um diameter core fiber with a 3.5 pm? effective
area has been pumped with a 1.56 pm femtosecond source in its
anomalous dispersion regime, the computed zero dispersion wave-
length being located around 1.45 pm. An 800 nm supercontinuum
has been obtained and found in good agreement with numerical
predictions, thus confirming the computed dispersion properties.
The limited SC expansion is attributed to fiber losses, due to the
drawing of a non purified glass. These results anyway confirm
the great potential of tellurite microstructured fibers for the effi-
cient generation of a supercontinuum in the mid-infrared.
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