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We report a detailed numerical investigation of step-index tellurite fiber properties based on the careful
experimental characterization of refractive indices for two tellurite-glass systems employed in fiber
manufacturing. More specifically, our study focuses on two typical step-index configurations, namely weak and
strong index differences between core and cladding glasses. We reveal that a wide range of dispersion-shifted
features for tellurite fibers can be obtained in the 2-3 pm range combined with small or large effective mode

areas. Our work also outlines the potential application of such dispersion-engineered fibers for nonlinear
wavelength converters between near- and mid-infrared regions.

1. Introduction

Single-mode dispersion-shifted fibers (DSFs) have been first devel-
oped in the 80’s based on silica glasses [1,2] to offer significant benefits
for long-haul telecommunication systems. The main objective was to
shift the zero-dispersion wavelength from 1.3 pm to the 1.55-pm
wavelength range, and take advantage of inherent lower attenuation as
well. By contrast to standard single-mode step-index fibers, a particular
design of refractive index profile is required with a higher dopant level
into the core, thus implying a reduced mode-field diameter. Later on,
another generation of DSFs has been developed with engineered
dispersion for parametric and Raman amplification schemes [3-6].
All-optical wavelength amplification or conversion based on four-wave
mixing in a fiber has then emerged as an attractive solution owing to the
quasi-instantaneous response of the Kerr nonlinearity of fused silica. To
widen the range of optical amplifiers, one needs for dispersion designs
covering a wide range of wavelengths around 1.5 pm. The main chal-
lenge to manage higher-order dispersions of DSFs mainly relies on
achieving complex index profiles based on multi-layered structures.
Next, newly developed dispersion-shifted highly-nonlinear fibers have
enhanced properties of such fiber-optic parametric amplifiers and
wavelength converters [7-10], in particular by achieving relatively
large conversion efficiency with short fiber lengths.

Typically, phase-matching for efficient parametric gain requires
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pumping in the low anomalous dispersion regime, however a low
normal dispersion regime pump can provide far-detuned phase-matched
frequencies through a suitable group-velocity dispersion profile [11,12].
Nowadays, fiber-optic parametric amplifiers/converters still rely on
conventional silica fibers (albeit tailored through a suitable combination
of GeOq-doping of the core, a reduced core diameter, and a W-shaped
refractive index profile) when operating around the 1.55 pm window
[13]. The use of microstructured or tapered optical fibers has been the
subject of much recent work [14-17], since it allows extending the range
of attainable wavelengths down to the 1-pm range and below with silica
glass, or beyond 2 pm with chalcogenide-based glasses. The transition
between the near-infrared and mid-infrared region (i.e., 1.5-3.5 pm
band) remains a challenging issue for developing efficient fiber plat-
forms for parametric conversion. Only soft glasses such as fluorides and
tellurites exhibit suitable bulk dispersion and transmission losses in this
spectral range [18], thus allowing the simple use of conventional
step-index profiles for DSF manufacturing. However, when dealing with
nonlinear devices, tellurite glasses appear as a more relevant alternative
due to their transparent window from visible up to ~6.5 pm and their
higher nonlinear properties [19].

Several nonlinear applications of tellurite fibers have already been
reported in literature such as supercontinuum light sources [20-22],
Raman and Brillouin lasers [23-25], and frequency combs [26]. It is
worth to mention that wavelength conversion based on the four-wave
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mixing process has been investigated in a tellurite step-index fiber as
short as 1 m [27]. However, the conversion bandwidth remains here
limited to the 1.4-2.4 ym band, the pumping operated around 1.8 pm
near the zero-dispersion wavelength of the fundamental mode. A fine
control of zero-dispersion wavelength (ZDW) as well as dispersion
profile is then crucial to manage the phase-matching condition over a
larger bandwidth as a function of the laser pumping and the signal band
to convert. When dealing with step-index fibers and tellurite glasses
whose bulk ZDW is usually between 2 and 2.5 pm [28], most of studies
have reported on the development of fibers which exhibit a ZDW below
2 pm, even by using a more complex W-type index profile or double-clad
scheme [29,30]. Only recently, we have demonstrated that the location
of ZDW can be easily modulated by modifying the core diameter of a
simple step-index tellurite fiber [31,32]. However, in general, the full
dispersion profile over the transparency window of the fiber is not
known with a sufficiently good precision to meet the requirements for
developing accurate wavelength converters/amplifiers beyond 2 pm.

In this work, we report on the numerical analysis of dispersion-
shifted step-index tellurite fibers based on the accurate refractive
index measurements of purified TeO2-ZnO-NayO (TZN) and TeOy-Z-
nO-LayO3 (TZL) glasses. Index measurements are here performed by
ellipsometry on the 0.5-4.0 pm range on bulk samples of core and
cladding glass compositions, and full dispersion curves of the funda-
mental mode of corresponding fibers are calculated. In particular, we
show that position of the shifted ZDW can be finely controlled over the
2.0-2.5 pm range. Two distinct index profiles are studied, namely a low
(~1.2 % 10’2) and high refractive index difference (~1.2 x 10 Y in the
spectral range under study. Such results open new perspectives for step-
index tellurite fibers as promising solutions for the next generation of
linear/nonlinear photonic devices in the spectral region covering the
transition between near- and mid-IR, combined with recent lasers
sources based on thulium/holmium-doped fibers. To this end, we finally
investigate the spontaneous parametric gain induced by fourth-order
dispersion in tellurite fibers as possible future far-detuned wavelength
converters towards the 4-ym band.

2. Experimental characterization of tellurite glasses
2.1. Glass synthesis and fiber manufacturing

We have recently reported on the TZL and TZN glasses
manufacturing and purification process: for more details, the reader can
refer to Refs. [33-36]. Preforms syntheses are made from the classical
melt-quenching method. All the fabrication process is realized under
controlled atmosphere (dry air) where HyO concentration is monitored
to keep the value under 0.5 ppm (vol.), which allows for OH contami-
nation from powders and atmosphere to be reduced, more specifically
raw materials storage and weighing in platinum crucibles, synthesis (in
an electric furnace under pure Os), quenching and annealing. Compo-
sitions of the core/cladding combinations of glasses are respectively
70Te0,-25Zn0-4.25Laz03-0.75LagFg  (TZLF)/65Te02-30Zn0O-5La03
(TZL) and 80TeO2-5ZnO-10Nay0O-5ZnFy (TZNF)/60TeO2-20Nay0-
15Ge0,-5Zn0 (TNaGZ). High purity oxide (TeOo, ZnO, Nay0, LayOs:
Fox Chemicals 99.999%) and fluoride (LaFs3, Alfa Aesar 99.99%, here
introduced as LayFg) precursors are also employed also to limit
OH-groupments into the vitreous matrix. Fluorine introduction in the
core composition ensures to significantly reduce the OH contamination
in the mid-infrared (mid-IR). Step-index fibers are manufactured by
combining the Built-in-Casting (BiC) process to the Rod-in-Tube (RiT)
one: as previously described in other works, a large core step-index
preform is prepared by BiC process [33] and core-cladding canes are
then obtained by thermal elongation and introduced into a drilled pre-
form by RiT process. Small-core step-index fibers can then be drawn
from this preform. Internal and external claddings for each fiber are
made from the same compositions: respectively TZL for the first fiber
and TNaGZ for the second one. Fiber drawing is possible by using a 3-m

Optical Materials: X 15 (2022) 100183

tower with an annular furnace in which the temperature is increased to
reach the softening regime. Parameters can be tuned during drawing,
such as speeds of preform descent into the furnace or cylinder rotation,
to modify fiber diameter and then the core size.

2.2. Transmission spectrum and index measurements

Transmission spectra of core glasses are recorded, in the present
work, in the UV-Visible and near-IR regions with a Perkin-Elmer
Lambda 900 spectrometer, and with a Fourier transform infrared
Perkin-Elmer spectrometer (Spectrum One) for the mid-IR range (see
Fig. 1a). For both core compositions, transmission spectra are compa-
rable. Thanks to purification process, unwanted absorptions between 3
and 5 pm due to OH groups are drastically reduced. For the two com-
positions, the bandgap is observed at 0.37 pm and multiphonon ab-
sorption cut-off is at 6.20 pm for TZLF and 6.17 pm for TZNF. We note
that transmission rate on the 0.5-4.5 pm spectral range is of 78% for
both glasses. The 22% remaining are due to the Fresnel losses at the
sample interfaces (11% for each interface).

The linear refractive index evolution of core and cladding composi-
tions as a function of the wavelength is measured by using a Variable
Angle Spectroscopic Ellipsometer (VASE) from J. A. WOOLLAM with
standard configuration of rotating polarizer. A Xenon light source is
used for emission, and then guided to the monochromator (HS-190
model) by a ZrF, optical fiber. Measurements are then performed on the
0.5-4.0 pm range, in the transmission range of the ZrF, fiber, by keeping
a constant incidence angle. Two detectors are employed in order to
performed measurements on the full spectral range from visible to 4 pm.
A first standard detector stacked from two detection elements is used up
to 2.5 pm. Measurements in the visible and up to 1 pm range are per-
formed by using a silicon detector, and combined with an extended
InGaS detector for the 1.0-2.5 pm range. Beyond 2.5 pm, an InSb de-
tector is then employed. Calibration of the ellipsometer has been care-
fully performed on standard samples such as fused silica for which
measurements have been intensively collected since 1965 [37]. How-
ever, contrary to transmission measurements which require samples
with two parallel and “mirror-polished” faces, refractive index mea-
surements by ellipsometry require only one “mirror-polished” face but
with higher quality of polishing. Polishing is first realized with silicon
carbide (SiC) wheels by decreasing size grading to 4000 (5 pm-diameter
grains). Then, an abrasive diamond polishing paste, with diamond
particles diameters decreasing from 3 to 0.1 pm, is employed on a felt
wheel, to enhance the surface quality of glass samples. After measure-
ments, the full wavelength-dependent refractive index curves for each
core/cladding combinations are determined from fitting data obtained
from ellipsometry with a two-pole Sellmeier equation (1) [28,38]:

2 2
2(2) =A +%+ % )
with 1 the wavelength and A, B, C, D and E the Sellmeier coefficients
obtained specifically for each glass composition. Sellmeier fits for both
glass compositions are plotted together with experimental measure-
ments in Fig. 1. Sellmeier coefficients of the equation are gathered in
Table 1 for the four glass compositions.

The difference between core and cladding indices does not exceed
1.5 x 1072 for the TZLF/TZL combination (Fig. 1b), it remains quasi-
constant between 2 and 3 pm with a refractive index difference of 1.2
X 10’2, and a calculated numerical aperture (NA) about 0.22. However,
the index difference is nearly 10 times higher for the TZNF/TNaGZ
combination (Fig. 1c) for which the gap is about 1.2 x 10~%, especially
between 2 and 3 pm. The numerical aperture for this glass combination
is 0.67. As expected, the numerical aperture for the TZN-glass fiber
system is larger, about 3 times the NA of TZL-glass combination.
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Fig. 1. - (a) Transmission spectra of our tellurite core compositions. (b,c) Wavelength-dependent refractive indices with Sellmeier fits for TZLF/TZL and TZNF/
TNaGZ compositions, respectively.

Table 1
Sellmeier coefficients obtained by a least-square fitting procedure for tellurite core and cladding compositions.
Role Glass sample A B C (pm) D E (um)
CORE TZLF 0.67321 3.23196 0.16139 0.63972 9.97791
CLADDING TZL 1.60069 2.25886 0.18598 0.6976 10.22841
CORE TZNF 0.94476 2.93952 0.175 2.36655 17.82988
CLADDING TNaGZ 1.84459 1.5929 0.1971 0.38494 8.46607
3. Numerical study of fiber properties
(@) TZL glass system (b) TZN glass system
10 10
3.1. Properties of the fundamental mode >
>
g 8 8 o= 11 pm
The wavelength-dependent refractive index curve obtained for each % . 6
tellurite glass allows now to calculate the normalized frequency V for a £ $=13 um
step-index profile with varying core radius through the relation (2), § 4 4
where ¢, is the core diameter, A is the propagating light wavelength s V=2.405 V=2.405
and ngre and ng,q the core and cladding refractive indices, respectively. § 2 oo 2
2 - ¢=3um
TP or 0 0
V= T” n2,, = Ny (2 1 2 3 4 1 2 3 4

Corresponding calculations for step-index fibers using both TZL- and
TZN-glass systems are shown in Fig. 2. For TZL fibers, we observe that a
core diameter around 7 pm is requested to exhibit a single-mode
behavior beyond the 2-uym wavelength band. This core size then ap-
pears as an interesting solution for matching standard silica fibers
dedicated to single-mode 2-pm laser delivery (e.g., SM1950 and SM2000
fibers). By contrast, our TZN-glass fibers show that a single-mode
behavior in the same spectral range would be only possible for a core
diameter about 3 pm. Nevertheless, we have already demonstrated that
larger fiber cores (i.e., few-mode fibers) can be used for nonlinear ap-
plications with both easy and efficient coupling into the fundamental
mode [22]. Moreover, such tellurite fibers with small cores would be
compatible to ultra-high NA silica fibers with high GeOs-doping content

Wavelength (pm) Wavelength (pm)

Fig. 2. Calculated normalized frequency parameter V for our step-index tel-
lurite fibers with (a) core diameters ¢, = 5, 7, 9, 11 and 13 pm in the TZL-
glass system and (b) core diameters ¢, = 3, 5, 7, 9 and 11 pm in the TZN-
glass system. Dashed black line indicates the single-mode behavior limit
(V = 2.405).

[25].

Next, based on this simple step-index profile, we evaluated disper-
sion curves for the fundamental mode HE;7; for all core diameters and
glass compositions by numerically solving the dispersion equation (also
called the eigenvalue equation) for cylindrical step-index waveguides.
The dispersion curves presented are therefore based on the above index
measurements carried out on the bulk materials. Fig. 3a-3b report the
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Fig. 3. Numerically calculated wavelength-dependent curves of dispersion of the fundamental guided mode for step-index fibers (a) in the TZL-glass system with
beore = 5,7,9,11 and 13 pm, and (b) in the TZN-glass system with ¢, = 3,5,7,9 and 11 pm. (c-d) Evolution of the zero-dispersion wavelength as a function of core
diameter for TZL and TZN fibers, respectively. (e—f) Calculated effective mode area A,y of the fundamental guided mode for step-index fibers in the TZL- and TZN-
glass systems, respectively. Studied core diameters are the same as in subplots (a) and (b).

calculated dispersion curves for both TZL- and TZN-glass systems. We
find that a normal dispersion regime is always found in both glass sys-
tems for wavelengths below 2 pm, while the anomalous dispersion is
obtained beyond 3 pm as soon as core diameters are larger than ~5 pm.
Main differences occur in the spectral range (2-3 pm) around the bulk’s
ZDW of core glasses (here located about 2.3-2.4 pm). Fig. 3¢-3d clearly
show distinct behaviors of the evolution of the ZDW as a function of fiber
core size for the two glass systems. For a small core/clad index difference
(TZL-glass system), the ZDW is shifted toward longer wavelengths with
decreasing core diameters. The zero-dispersion position can be easily
varied from 2.3 to 2.6 pm. This change is similar to that occurs in single-
mode silica fibers with DSF development to shift the ZDW from 1.3 to
1.55 pm. On the contrary, for our TZN-glass system, the ZDW is shifted
toward lower wavelengths for decreasing core diameters, typically from
2.3 to below 2.1 pm. With two simple glass combinations, we are able to
control the shift of ZDW over a large spectral band of interest from 2 to
2.6 pm.

The wavelength-dependent curves of effective mode field areas A
are also calculated and shown in Fig. 3e-3f. By comparing the two glass
systems, one notices that for a given wavelength, the effective area is
much smaller for TZN step-index fibers than for TZL fibers, this simply
relies on the large core/clad index difference. For example, at 2-pm
wavelength and 5-pm core diameter, the effective area for a TZL fiber is
nearly three times larger than for a TZN fiber. The corresponding
nonlinear coefficient (y = 2any/1A.k, with ny the nonlinear index) of
step-index fibers thus appears to be significantly higher for our TZN
composition than for TZL-glass system. As a consequence, our TZN fibers
with a large index difference are clearly suitable for nonlinear applica-
tions, as already highlighted in Refs. [31-33], while our TZL fibers could
be applied for linear devices. In the particular case of TZL fibers with
small index difference, we also observe that the field distribution

extends significantly beyond the core for wavelengths above 3 pm and
core size below 7 pm, thus leading to very large effective areas (see
Fig. 3e). Here, such single-mode fibers will become increasingly sensi-
tive to bend losses and small imperfections at long wavelengths, with
typical high confinement losses.

3.2. Application to dispersion compensation

Standard single-mode silica and fluoride fibers exhibit anomalous
dispersion (D > 0) in the 2-pm wavelength band and beyond [39]. Then,
small-core germano-silicate fibers have been used for dispersion
compensation in the 2-pm wavelength range, for instance with appli-
cation to fiber laser/amplifier systems covering thulium and holmium
emission [40]. Here we propose our TZL-glass combination with small
index difference as an interesting alternative. A detailed analysis of
dispersion in the 1.8-2.3 pm window (see Fig. 4) shows that large
dispersion tailoring over negative values can be enabled through a
simple variation of the core size. Such fibers will exhibit similar
nonlinear coefficients to small-core silica-based fibers, since the larger
A.sr being compensated by the higher n, in TZL fibers [19]. We also
underline that it is generally not sufficient to compensate the
second-order dispersion only. Future designs of tellurite fibers for
dispersion compensation should also deal with higher-order dispersion,
while keeping the mode-matching as a crucial issue.

3.3. Application to nonlinear frequency converters

The strong optical confinement and varying dispersive properties for
our TZN step-index fibers with large index difference have already
enabled interesting nonlinear applications around 2 pm such as Brillouin
lasing and ultrabroadband supercontinuum generation in very short
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Fig. 4. - Dispersion curves of TZL step-index fibers with varying core diameters
in the 1.8-2.3 pm window. We provide the comparison with dispersion curves
of commercially-available standard single-mode silica (SMF-28) and fluoride
(InF5) fibers [39].

fiber lengths [22,25], and demonstrating the possible guiding of wave-
lengths beyond 4.5 pm. Here we investigate the potential of our TZN
fibers as future band converters from near-infrared to the mid-infrared
region towards the 4-ym band, through the spontaneous modulation
instability (MI) process induced by fourth-order dispersion mainly. In
the frequency domain, this leads to the emergence of two far-detuned
frequency sidebands placed symmetrically with respect to the pump
frequency. In order to get these two sidebands emerging far from the
pump, the group-velocity dispersion g, has to be positive (normal
dispersion regime) and the fourth-order dispersion term p, negative
[12]. This phenomenon has been studied for several types of fibers by
pumping in the normal dispersion regime close to the ZDW. The deri-
vation of the phase-matching condition should include higher-order
terms of the Taylor expansion of the propagation constant f(w) when
po is relatively small. Only the even-order terms contribute to the
phase-mismatch, so that the full phase-matching relation takes the
following form [11]:

0 Qm
Zﬁ'", +yP =0 3)

m=24... m

with Q the frequency shift of the symmetric Stokes and anti-Stokes
sidebands from the pump, f,, are the dispersion coefficients calculated
at pump frequency, and P the initial peak power. The nonlinear Kerr
coefficient y is calculated from the effective mode area and the nonlinear
refractive index ny = 3.8.10°° m? w1 [19].

As an example, this nonlinear process has been recently used for
converting two mutually coherent frequency combs generated with
electro-optic modulators at 1.55 pm in the 2-pm band [41]. This band
converter is designed on fourth-order dispersion-induced modulation
instability taking place in the normal dispersion regime of a highly
nonlinear silica fiber and by seeding this phenomenon with a frequency
agile and low-power laser around 1.3 pm. As a result, researchers have
developed a stable and wavelength tunable all-fibered dual-comb
spectrometer operating in the 2-um region to investigate CO5 absorption
spectra. By means of intrinsic features of TZN fibers, we here propose to
evaluate the possible frequency conversion well-above the 2-pm band,
towards 4.2 pm, where molecular absorption is again significantly
stronger and very short absorption path-length would be sufficient
enough. To this end, we consider a pumping wavelength around 2 pm to
convert a signal in the telecom bands close to 4.2 pm. For an accurate
description of fiber dispersion curve over a broad spectral range, Taylor
coefficients up to f;, are considered in relation (3). Fig. 5 presents the
calculated phase-matching diagram of MI sidebands as a function of
pumping wavelength for a 5-um core TZN-glass fiber. Closely spaced
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Fig. 5. - (a) False-color map of MI phase-matching diagram for a TZN step-
index fiber with 5-pm core diameter. Color scale indicates corresponding
spectral power gain in dB/cm. (b) Gain profile selected at the pumping wave-
length (i.e., at 1.96 pm) that allows wavelength conversion around 4.2 pm. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

sidebands are observed for pumping beyond 2.08 pm in the anomalous
dispersion regime, this configuration corresponds to common MI gain
induced by the second-order dispersion only. By contrast, when pump-
ing in the normal dispersion regime (below 2.08 pm), we clearly note
far-detuned sidebands with the typical narrow-band feature [12]. When
pumping close to 1.96 pm with practical thulium-doped fiber lasers with
a peak power of 1 kW, we report the potential use of our fiber as band
converter from 1.3 to 4.2 pm, namely a 160-THz frequency shift, with
significant efficiency (spontaneous gain almost reaches here 10 dB/cm).
This confirms that short tellurite step-index fibers (only a few centime-
ters in length) are clearly suitable candidates for frequency converters
between near-IR and mid-IR.

4. Conclusion

In this work, we have investigated the possible dispersion manage-
ment in step-index tellurite fibers, in particular in the 2-pym waveband.
This has been enabled by experimental characterization of refractive
indices for two tellurite-glass systems recently employed in fiber
manufacturing. Then, we have carried out a detailed numerical analysis
of fiber properties based on two glass combinations which respectively
exhibit a small and a high refractive index difference. Distinct features of
dispersion-shifted fibers have been revealed, thus opening the way to
future development of linear and nonlinear fiber devices. Finally, we
have paid attention to the potential of short lengths of tellurite fibers as
nonlinear frequency converters in the crucial spectral transition be-
tween near- and mid-infrared. We expect that our work propels further
researches on the applications of tellurite fibers.
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