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a b s t r a c t
We report the fabrication and the characterization of low OH content and low loss tellurite optical ﬁbers.
The inﬂuence of different methods of glass fabrication on ﬁber losses has been investigated. The use of the
purest commercial raw materials can reduce the losses below 0.1 dB/m at 1.55 lm. Incorporation of ﬂuoride ions into the tellurite glass matrix makes the optical ﬁbers transparent up to 4 lm. A suspended core
microstructured ﬁber has been fabricated and pumped by nanojoule-level femtosecond pulses, thus
resulting in more than 2000-nm bandwidth supercontinuum after a few centimeters of propagation.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
The recent and intensive development of microstructured optical ﬁbers (MOFs) [1,2] is closely related to their potential applications in various ﬁelds of research such as spectroscopy, metrology,
biomedicine, imaging, telecommunications and also industrial
machining and military devices [3–5]. Initial work was achieved
using silica glass ﬁbers. However, because of the multiphonon
absorption of silica in the mid-IR range, studies on other glasses
transparent above this wavelength range have now become of
great interest in order to extend ﬁber functionalities beyond the
current limit imposed by silica [6]. Moreover, with regard to linear
and nonlinear properties of optical ﬁbers, MOFs provide a high degree of ﬂexibility for modeling and adjustment of ﬁber characteristics to suit pump source requirements [7]. Among the new
candidates for non-silica MOFs, chalcogenide and tellurite glasses
are especially studied for supercontinuum generation [7–11]. The
80TeO2–10ZnO–10Na2O (TZN) glass composition (mol.%) exhibits
highly nonlinear properties and suitable glass stability for ﬁber
drawing [12,13]. For these reasons, we chose to fabricate MOFs
based on this glass which previously allowed us to achieve almost
1000-nm bandwidth supercontinuum pumped by a sub-nJ-level
femtosecond ﬁber laser in the near infrared [14]. In this previous
work, the spectral broadening on the long wavelength edge was
limited to 2 lm due to the presence of strong OH-group
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absorption, which is often observed in oxide glasses [15–17]. The
use of reactive chemicals and batch drying methods mentioned
in Refs. [18–20] has proved to reduce the amount of water impurity incorporated into glasses. In this paper, we investigate the impact of raw materials drying and ﬂuoride ions on the OH-group
induced absorption in our ﬁber. We report OH-group content
reduction down to almost 1 ppm and the fabrication of tellurite ﬁbers transparent up to 4 lm. Finally we use this low OH content
glass to fabricate tellurite MOFs for supercontinuum generation
and we present a resulting 2160 nm spectral broadening obtained
with nJ-level femtosecond pulses.

2. Experimental
2.1. Glass and MOF fabrication
We prepared tellurite glasses using pure commercial raw materials: tellurium (IV) oxide (Alfa Aesar, 99.9995%), zinc oxide (Alfa
Aesar, 99.999%), and sodium carbonate (Alfa Aesar, 99.997%). In
our ﬁrst synthesis [14], no additional in-house puriﬁcation procedures were employed to reduce moisture or eliminate trace levels
of contaminants remaining in these powders. Mixed batches were
melted in an open platinum crucible at 875 °C for 1.5–2 h. The syntheses under atmospheric conditions were carried out in a mufﬂe
furnace. The melt was poured into a brass mold preheated at
190 °C and subsequently annealed at the glass transition temperature (Tg) for 8 h.
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Atmospheric moisture and raw material contamination are evident sources for the high water content in the glass melted in
ambient atmosphere. We consequently developed a fabrication
process under a controlled dry atmosphere, with the help of a furnace mounted on a glove box. It must be noted that tellurite glass
fabrication in a platinum crucible can involve tellurium oxide
reduction [21]. Thus an oxidizing atmosphere is required and
therefore the glass was synthesized in an oxygen gas ﬂow,
4 L/min, H2O content <0.5 ppm [17–20,22,23].
Despite the high purity of the raw materials, they contain water
traces in sufﬁcient quantity to prevent ﬁber transmission in the
mid-IR range. That is the reason why an additional stage of raw
materials batches drying should be integrated into the glass fabrication protocol [15,17,22]. Another way to remove water is the use
of chemical reagents which lead to replacement of OH-groups by
ﬂuorine [18–20]. It was observed in this process that ﬂuoride ions
are incorporated into the glass matrix [19]. Note that in the case of
a large amount of incorporated ﬂuoride ions, the material properties are strongly modiﬁed towards the oxyﬂuoride glass family
properties. As a general rule, ﬂuoride ion incorporation into the
glass matrix decreases the nonlinear material properties, but for
moderate ﬂuoride content (several mol.%) the effect is negligible
and the nonlinear refractive index of ﬂuorine containing glasses
is comparable to that of ﬂuorine free glasses [17,18].
We therefore fabricated tellurite glasses in which zinc oxide
was replaced by zinc ﬂuoride (Alfa Aesar, 99.995%) up to 50% and
100%. Each composition was fabricated in two steps, dehydration
of raw materials and glass synthesis. The ﬁrst dehydration step
was performed in a silica tube placed inside a tubular furnace. This
set up was connected to a vacuum pump and an oxygen source.
The mixed batches were left under vacuum at 100 °C for approximately 18 h. They are then heated to 700 °C under oxygen gas ﬂow
at an overpressure of 100 mbar for 1–2 h, before cooling down to
room temperature. After this ﬁrst dehydration, the batches were
introduced into a glove box in which the glass synthesis was completed under a dry atmosphere. The batches were heated to 750 °C
for 2 h under oxidative conditions. During these heat treatments,
Na2CO3 was decarbonised at 500 °C producing CO2, and Na2O,
and for that purpose the thermal proﬁle presents a dwell at that
temperature. Ultra dry O2 (<1 ppm H2O) was used to reduce moisture content in atmosphere synthesis and to create an oxidizing
atmosphere avoiding tellurium reduction to its metallic form
which is an obstacle to light propagation. The synthesis atmosphere was both oxidizing and dry [24].
In order to improve the homogeneity of the obtained glass, a
mixing operation was carried out during this synthesis step by
shaking the crucible. Shaking allows removing bubbles, it also improves the glass homogeneity and allows all the melt to be in contact with the oxidizing atmosphere, thus avoiding tellurium
reduction [23].
The melt was then poured into a brass mold preheated at 270 °C
and subsequently annealed at approximately the glass transition
temperature (Tg – 15 °C) for 8 h. The glass samples were then
slowly cooled to room temperature.
Table 1 summarizes the glass fabrication process we use in this
study. A typical batch weight is 55 g. The glass rod preform is typically 5 cm long for 16 mm diameter and is used for microstructured preform fabrication by a mechanical drilling. This room
temperature process allows preform fabrication without any
reheating of the glass after casting and provides no additional
losses to ﬁnal ﬁbers [14,25,26]. Indeed, losses measured on single
index ﬁbers and losses measured on microstructured ﬁbers are
similar [26]. To drill the holes we use a drill press with drill bit
of 0.8 mm in diameter and 30 mm long. We measured the roughness of the holes surface and the proﬁle roughness parameter Ra
was under 0.1 lm. Three 30 mm long holes of 0.8 mm diameter

Table 1
Glass compositions and conditions of their fabrication.
Sample

Glass compositions (%mol)

Fabrication conditions

TeO2

ZnO

ZnF2

Na2O

TZN–air
TZN–ox

80
80

10
10

–
–

10
10

Room atmosphere
Oxygen atmosphere

TZN-50
TZN-100

80
80

5
–

5
10

10
10

Oxygen atmosphere
Oxygen atmosphere

were drilled in a glass rod around a 1 mm diameter solid core. Then
the preform was drawn into ﬁber under helium gas ﬂow, in the
laboratory on a commercial CIL drawing tower around 350 °C with
a loading rate of 0.5 mm/min. The resulting suspended core ﬁber
exhibited a core diameter of 2.8 lm (see Fig. 4). Standard beam
propagation method simulations based on the SEM image of the ﬁber cross section were performed to calculate the zero dispersion
wavelength that was obtained around 1.55 lm.
2.2. Thermal and optical glass properties
Differential scanning calorimetry (DSC 2920, TA Instruments)
was used to determine the glass transition temperature, Tg, and
the crystallization onset temperature, Tx, of the samples. The DSC
curve was measured in the 20–400 °C range at a constant heating
rate of 10 °C/min in N2 atmosphere and a constant gas ﬂux of
50 mL/min. Approximately 10–15 mg of glass bulk sample was
used for measurement.
The glass rod preforms were cut into 4 mm thick slices and optically polished for spectral measurements using a Fourier Transform InfraRed spectrometer (Perkin–Elmer Spectrum One). The
mid-IR absorption spectra for different thickness of samples were
used for absorption coefﬁcients in the range of 1300–6700 nm
and subsequent OH-groups concentration calculations by using
the following equation [19]:

NOH ¼

 
NA
1
 ln
T
eL

ð1Þ

where NA is the Avogadro constant, L the sample thickness (cm), T
the transmittance and e the molar extinction coefﬁcient of the free
OH groups in the glass. In the calculations we use the e value of the
OH groups in silicate glasses (49.1  103 cm2/mol). The amount of
OH present in the glass can be expressed in parts per million
(ppm) [19].
2.3. Optical loss measurement
In order to estimate the OH-ion absorption inﬂuence on the ﬁber transparency, we measured the spectral ﬁber losses using an
FTIR spectrophotometer (NICOLET 6700) between 1 and 5 lm as
a light source for the cutback method [27]. Two single wavelength
laser sources (at 1.06 lm and 1.55 lm) were also used to conﬁrm
the previous results using a 5 m long ﬁber sample.
2.4. Nonlinear optical properties
A Ti:Sapphire synchronously pumped optical parametric oscillator delivering 200 fs time duration pulses at a repetition rate of
76 MHz was used for measurements of the nonlinear properties.
The idler output is used to pump the tellurite MOF in the anomalous dispersion regime at 1745 nm in order to generate supercontinua [26]. The pulses were injected into the MOF by means of a
20 microscope objective. The generated supercontinua are
collected at the output of the ﬁber by a ZBLAN ﬁber and spectrally
analyzed by two Yokogawa optical spectrum analyzers covering
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Fig. 1. TZN glasses IR transmission spectra for 4 mm thick slices.
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Fig. 2. TZN glasses absorption coefﬁcients in the mid-IR range.

350–1200 nm and 1200–2400 nm, respectively, as well as an FTIR
spectrometer in the range of 2.4–5 lm.

3. Results and discussion
3.1. OH-absorption in the glasses
Fig. 1 shows absorption spectra of TZN glasses fabricated in different conditions. Classically, TZN glasses exhibit absorption bands
in the mid-IR range due to hydroxyl (OH) groups. A high intensity
asymmetric band located around 3350 nm (2985 cm1) is identiﬁed as a combination of weakly H-bonded OH and free OH. The
lower intensity band around 4350 nm (2300 cm1) is due to
strongly H-bonded OH [14]. As seen in Fig. 1, the presence of OH
absorption bands signiﬁcantly decreases the TZN–air glass transmission for wavelengths above 3 lm. The TZN–ox glass fabricated
under the dry oxygen gas ﬂow exhibits lower absorption at 3.3 lm.
In the TZN-50 and TZN-100 glasses this absorption band is strongly
reduced, leading to 77% transmission from 1500 nm to 4130 nm.
Fig. 2 shows the absorption coefﬁcient curves. These data are used
for subsequent OH-groups concentration calculations (Table 2).

Fig. 3. Spectral losses of fabricated single index tellurite ﬁbers.

Bonded –OH must be removed from the bulk glass, during glass
synthesis, before ﬁber fabrication. This OH content is inﬂuenced by
the free volume of the glass due to the non-bridging oxygen created by the alkaline insertion. After casting and ﬁber fabrication,
the glass is able also to absorb free water, which can be more easily
removed than the bonded one.
From these results, the glass fabrication under dry oxidizing
atmosphere reduces the OH content by a factor 32. When chemical
reagents containing ﬂuoride ions are used, the OH-groups concentration is further reduced by a factor 11.5 and is estimated to be
approximately 1.3 ppm in TZN-50. For TZN-100, corresponding to
an oxyﬂuoride glass in which all ZnO has been substituted by
ZnF2, the OH-groups content is lowered to 0.5 ppm. Indeed, ZnF2
reduce OH– content through for example the following reactions:

ZnF2 þ 2  Te  OH ! ZnO þ 2HF þ Te  O  Te
ZnF2 þ H2 O ! ZnO þ 2HF:
At the same time, it is also important to note that the glass thermal properties (Table 2) are changing as a function of the ZnF2 ratio
present within the glass. The glass transition temperature is decreased as well as the crystallization temperature. The difference
between these two temperatures characterizes the glass stability.
Typically, a DT value higher than 150 °C allows reasonable drawing
possibilities. In our case, the ﬂuoride ions incorporation decreases
DT from 165 °C to 100–110 °C, thus complicating the ﬁber drawing
process by favoring glass crystallization. Thus, the drawing of
TZN-50 and especially TZN-100 glass preforms appears as a
delicate operating process. Especially, the TZN-100 ﬁbers are quite
fragile and no further analyses were performed on them.
3.2. Low loss tellurite ﬁbers
Before the fabrication of microstructured ﬁbers, we ﬁrst drew
single index ﬁbers from TZN–air, TZN–ox and TZN-50. Our ﬁrst attempt at TZN ﬁber fabrication [14] led to a level of losses higher
than those reported in other works, around 0.2–1.5 dB/m for the
1.3–1.6 lm region [12,13,17]. Here, using the purest commercial
raw materials, we have decreased the losses to a comparable level,

Table 2
Thermal stability and OH-groups concentration for fabricated TZN glasses.
Sample

Tg (°C)

Tx (°C)

DT = Tx  Tg (°C)

a (103 cm1)

NOH (1018/cm3)

OH content (ppm)

TZN–air
TZN–ox
TZN-50
TZN-100

285
285
265
255

450 [10]
450
375
360

165 [10]
165
110
105

7712
218
20
8

91
2.8
0.3
0.1

480
15
1.3
0.5

Tg: glass transition temperature; Tx: crystallization temperature, a: absorption coefﬁcient at 3.35 lm; NOH: number of –OH groups per cm3.
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Fig. 4. (a) SEM picture of the TZN-50 MOF cross section, (b) supercontinuum generation recorded for various lengths of our TZN-50 tellurite suspended core ﬁber.

down to 0.4 dB/m at 1.55 lm (Fig. 3). Moreover, we have improved
the ﬁber quality by glass fabrication under oxygen gas ﬂow and we
have succeeded in decreasing the ﬁber losses down to 0.1 dB/m at
1.55 lm for our single index tellurite ﬁber (see Fig. 3, ﬁber
TZN–ox).
Similar results were obtained by Dorofeev [22] for tellurite ﬁbers fabricated from ultra-pure raw materials in a puriﬁed oxygen
atmosphere. In the case of TZN-50 ﬁbers, the losses are measured
to be 1.9 dB/m at 1.55 lm. This value is higher than in the case
of other ﬁbers because of glass stability reduction (Table 2) and
the consequent presence of favored crystallization seeds. Note that
in Wang’s tellurite glasses studies [13], the level of intrinsic optical
losses was theoretically estimated to be much lower, around several 103 dB/km. However, the achieved experimental level of
losses is fully sufﬁcient to perform optical experiments and characterizations. Fig. 3 presents the spectral losses of TZN single index
ﬁbers drawn in our laboratory.
3.3. OH-absorption
The TZN–air ﬁber fabricated under room atmosphere is not
transparent for wavelengths above 2 lm because of the presence
of a large amount of OH-groups. The glass fabrication under dry
oxygen gas ﬂow decreases the OH-groups concentration and allows fabrication of ﬁber transparent up to 3 lm. In comparison,
the TZN-50 ﬁber shows light transmission up to 4 lm, where the
multi-phonon material absorption begins [14,17,18]. The average
value previously chosen (Table 2) for OH-groups extinction coefﬁcient (49.1  103 cm2/mol) leads to an estimation of 1.3 ppm of OH
group for TZN-50 glass associated with 13 dB/m losses at 3.3 lm in
the ﬁber [28]. From these results we selected the TZN-50 glass for
further MOF drawing. Due to the small core of the MOFs the spectral loss measurements are not possible using our set-up. However,
in previous work [14,26] we have shown that the optical losses in
the single index ﬁbers and in the MOF are similar.

segment. The SC generation obtained is considerably improved
compared to our ﬁrst attempts [14]. However, despite a strong
reduction of hydroxyl group pollution in the glass and a great
improvement of its optical quality, the supercontinuum extension
obtained in the TZN MOFs is similar to that obtained in our previous work [26] in which the OH level corresponding to TZN–ox
glasses was around 15 ppm. Thus, for the moment we are still limited around 3 lm in SC extension for such nJ-level pumping and
ﬁber length. From numerical simulations the low remaining
OH-groups (1 ppm) in our tellurite glass is however expected to
allow SC generation further in the mid-infrared range. We will
reconsider the observed limitation around 3 lm in future works.

4. Conclusion
In summary, we report that the use of the purest commercial
raw materials combined with the incorporation of ﬂuoride ions
into a tellurite glass matrix enables the fabrication of telluritebased optical ﬁbers transparent up to 4 lm with a minimum of
losses of 0.1 dB/m at 1.55 lm, and an OH level reduced to around
1 ppm. A suspended core ﬁber (2.8-lm core diameter) based on
this low OH content glass has then been drawn and has been successfully pumped by nJ-level femtosecond pulses, thus resulting in
more than 2000-nm bandwidth supercontinuum still limited beyond 3 lm. Further work will be devoted to exceeding this limitation to reach supercontinuum generation in the whole range
between 1 and at least 4 lm.
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3.4. Supercontinuum generation
In order to investigate nonlinear propagation in our low-loss
tellurite ﬁbers we use a TZN-50 suspended-core MOF pumped by
the 200-fs femtosecond laser in its anomalous dispersion regime
at 1745 nm. A spectral broadening over 2000 nm can be achieved
in various ﬁber lengths (see Fig. 4) and for maximum input pulse
energy about 1.3 nJ. The almost two octaves supercontinuum
(SC) generation extends in the infrared from 840 nm to 3000 nm.
Above 3000 nm, the effects of OH-absorption are clearly observed
when ﬁber length exceeds 15 cm, thus preventing the further spectral broadening towards longer wavelengths for the 50 cm long
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