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Abstract Tellurite nonlinear holey fiber is characterized
by a high nonlinearity and a broad transparent window.
However, these advantages are canceled by its unflattened
dispersion in most practical applications. The unflattened
dispersion is due to the fact that tellurite holey fiber with
complex structure is difficult to fabricate. In this work we
develop a dispersion flattened tellurite composite holey fiber
(TCHF). The TCHF has only one ring of holes. The holes
are formed by two tellurite glasses. The heavy deformation,
which probably occurs for tellurite complex microstructured
fiber during the fabrication process, is avoided by this sim-
ple structure. The fiber is made of two glasses with different
refractive-indices, which improves the flexibility in disper-
sion engineering. By using this structure the dispersion is
engineered to be the most flattened for the highly nonlinear
soft glass fiber within 1.5–1.6 µm. Owing to the flattened
dispersion and high nonlinearity, more than one octave su-
percontinuum generation is demonstrated by a femtosecond
fiber laser.

1 Introduction

Silica holey fiber as the nonlinear waveguide has large ad-
vantages. By using a small fiber core, the mode field of light
can be tightened to be compact. By engineering the holey
cladding elaborately, the chromatic dispersion can be tai-
lored to be small and flat to enable an extremely long in-
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teraction distance between pump laser and generated fre-
quencies. The interaction distance can be several orders su-
perior to other kinds of waveguide. The main applications
of silica highly nonlinear holey fiber (SHNHF) include su-
percontinuum (SC) generation, ultrashort pulse compression
(UPC), four wavelength mixing (FWM), wavelength con-
version (WC), Raman and Brillouin fiber laser, slow light
technology, etc. [1–5]. Though the prosperity of SHNHF has
brought tremendous opportunities for nonlinear optics, it has
two limitations: One is that it is opaque in the mid-IR. The
other is that its maximal nonlinear coefficient is relatively
low. It is only in the magnitude of several tens of W−1 km−1

at 1.55 µm. Tellurite holey fiber can be transparent from vis-
ible to 5 µm. Its nonlinearity can be higher than SHNHF
by more than one order of magnitude. However, the disper-
sion of tellurite holey fiber is difficult to tailor because of the
difficulties in fabrication. Tellurite glass shows a low viscos-
ity at the fiber drawing temperature. Moreover the viscosity
decreases sharply with the increasing temperature. The suit-
able temperature range for fiber drawing is only about one-
tenth of that of silica glass. Tellurite holey fiber with a com-
plex microstructure could be subject to obvious deformation
during the fabrication process. For the tellurite highly non-
linear holey fiber the deformation could be very severe, since
it is usually characterized by small core, small holes and
fragile cobweb [6, 7]. So far most reported tellurite highly
nonlinear holey fibers just have a simple air-clad structure.
The dispersion is unflattened. As is well known, a flattened
dispersion is important for the applications such as FWM,
WC, UPC, SCG, etc. For the available tellurite highly non-
linear holey fibers, their unflattened dispersion cancels the
advantage of high nonlinearity greatly in practical applica-
tions.

In this work we try to develop a dispersion flattened tel-
lurite composite holey fiber (TCHF). The holey structure of
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the TCHF is composed of only one ring of holes, so the
heavy deformation, which probably occurs for tellurite com-
plex microstructured fiber during the fabrication process,
can be avoided. Since the holey structure is simple, to im-
prove the flexibility in tailoring dispersion, we use two tellu-
rite glasses which have different refractive-indices to design
and fabricate the TCHF. The holes are formed by two tellu-
rite glasses. As shown in the following section, such a holey
structure is not difficult to fabricate. By using this compos-
ite holey structure we realize a dispersion flattened tellurite
highly nonlinear fiber and demonstrate its SC generation.

2 Experiment

The two tellurite glasses have the components of TeO2–
Li2O–WO3–MoO3–Nb2O5 (TLWMN), and TeO2–ZnO–
Na2O–La2O3 (TZNL), respectively. At 1.55 µm the refrac-
tive-indices are 2.076 for TLWMN, and 1.962 for TZNL.
The raw materials in powder were analytic grade. The cane
for the fiber drawing was fabricated by the method of rod-
in-tube. A TLWMN rod, which had a cross section in the
shape of hexagram “✶” was prepared by casting the glass
melt in an alloy mold and then annealing it at the glass tran-
sition temperature. The TZNL tubes were prepared by the
rotational casting method. The TLWMN rod was inserted
into a TZNL tube, and then they were elongated into the
original cane. The tips of six struts of the rod touched the
inside surface of the tube tightly. In this way six holes were
formed in the cross section of the original cane. The holes
were formed by two different glasses. The original cane was
inserted into another TZNL tube and elongated into the final
cane. The final cane was inserted into other TZNL jacket
tube, and then was fixed at the drawing tower for the fiber
drawing. Several hundred meters of fiber was drawn in one
time of the fiber drawing.

The fully vectorial finite difference method (FV-FDM)
was used to calculate the wavelength dependent propaga-
tion constants from which the chromatic dispersion was cal-
culated. The simulation was based on the real fiber struc-
ture. To make a comparison, the dispersions of tellurite
holey fibers (THFs), which have the same holey structure
as TCHF, but are made of one tellurite glass, TLWMN or
TZNL, were calculated by FV-FDW. Additionally, the dis-
persion of TLWMN-TZNL step-index fiber (TSIF) and the
dispersion of TLWMN air-clad holey fiber (TAHF) with var-
ious core diameters were calculated likewise for discussion.

The SC spectra were measured by using a 1557 nm fem-
tosecond fiber laser. The laser was connected to a single-
mode fiber (SMF) by a connector. The beam from the SMF
was collimated into parallel by a lens with a numerical aper-
ture (NA) of 0.25. The parallel beam was focused and cou-
pled into the TCHF by a lens with a NA of 0.47. The output

end of the TCHF was mechanically spliced with a large-
mode-area-fiber by using the butt-joint method. The other
end of the large-mode-area-fiber was connected to an opti-
cal spectrum analyzer (OSA). The pulse width was 800 fs
and the repetition rate was 16.75 MHz. The length of the
TCHF was 74 cm. The coupling efficiency, defined as the
launched power divided by the power incident on the lens,
was about 20%.

The optical loss at 1557 nm for the TCHF was measured
by the standard cutback method. After the SC measurement,
another CW laser replaced the femtosecond fiber laser at the
connector. The loss at 1557 nm is about 5 dB/m. Since the
raw materials of the fiber are analytic grade, the losses can
be decreased by improving the purity of them.

3 Results and discussions

Figure 1 shows the dispersion of TSIFs with various core
diameters. The core and cladding are supposed to be TL-
WMN and TZNL, respectively. The material dispersion of
TLWMN is shown as a reference. With the increasing core
diameter, the dispersion curve of fiber gradually approaches
the material dispersion. Figure 1 indicates that by using a
step-index structure, it is difficult to obtain zero dispersion
wavelength (ZDW) shorter than 2 µm. In practical appli-
cations it is usually necessary to pump the nonlinear fiber
around ZDW. Most commercially available lasers work at
wavelengths shorter than 2 µm. Therefore it is difficult for a
tellurite fiber in the step-index structure to meet the require-
ments of most practical applications. Due to the compara-
tively high refractive-index, the material dispersion of tellu-
rite glass has the ZDW larger than 2 µm. To shift the ZDW
to a much shorter wavelength by increasing the waveguide
dispersion, a high NA together with a small core is neces-
sary for the fiber structure. For a step-index structure, it is
difficult to adjust the compositions of tellurite glasses to ob-
tain a sufficiently large refractive-index difference between
core and cladding to meet the requirement of ZDW shift.
In this work the refractive-index difference between the two
tellurite glasses is already quite high, considering that their
physical and chemical properties need to be compatible with
each other for the fiber drawing.

Figure 2 shows the dispersion of the TAHFs with various
core diameters. For simplicity, the fiber structure is approx-
imately taken as that a circular TLWMN core is surrounded
by an air-cladding. The ZDW can be shifted to shorter wave-
lengths effectively by decreasing the core diameter. How-
ever, the slant of the dispersion curve at ZDW is high, and
the dispersion reaches a large absolute value given at a wave-
length slightly off the ZDW. Such an unflattened dispersion
results from the sharp contrast of refractive-indices between
core and cladding [8].
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Fig. 1 Calculated dispersion of TSIFs with different core diameters.
The material dispersion of TLWMN is shown as a reference

Fig. 2 Calculated dispersion of TAHFs with different core diameters

Figure 3 shows the fabricated TCHF and its dispersion.
Image (a) and (b) in inset (1) were taken by an optical mi-
croscope. Image (a) was under reflection mode and (b) was
under transmission mode. Since the fiber sample was cut by
hand, both ends of it are not strictly parallel and smooth.
Image (b) does not show all interfaces of microstructure
clearly, but we can still see clear difference between two
glasses. Inset (2) shows the calculated dispersion. The ZDW
is 1580 nm. A TAHF with the same ZDW is shown for
a comparison. The third order dispersions at ZDW are
0.198 ps/(nm2 ×km) for the TCHF and 1.816 ps/(nm2 ×km)
for the TAHF, respectively. To our knowledge, TCHF has the
most flattened dispersion within 1.5–1.6 µm for the highly
nonlinear soft glass fibers.

Without holes the TCHF is just step-index. As shown by
Fig. 1 there is no ZDW at wavelengths shorter than 2 µm.
The function of holes is to realize a large anomalous dis-
persion to shift the ZDW [9]. Supposed that the holes are
extremely large, the structure will just like an air-cladding.
As shown by dispersion curves in Figs. 2 and 3, though
the ZDW can be shifted effectively, the dispersion is un-
flattened. Holes with moderate size are necessary to shift

Fig. 3 (1) Cross section of the fabricated TCHF. (a) was under reflec-
tion mode and (b) was under transmission mode. (2) Dispersion of the
fabricated TCHF. Dispersions of the THFs and the TAHF are shown
for the comparisons. Inset in (2) shows the calculated mode field at
1557 nm

the ZDW and ensure a more preferable dispersion simulta-
neously. As shown in Fig. 3, the dispersions of THFs are
much flatter than that of TAHF. However, THFs have only
one ring of holes with moderate size, the confinement loss is
very high. At ZDW 1580 nm the calculated confinement loss
is 76 dB/cm for the THF by TLWMN, and 138 dB/cm for the
THF by TZNL. For the wavelengths longer than 1680 nm,
no mode can be supported for the THF by TZNL. By using
a holey structure with multi-ring holes the confinement loss
can be reduced greatly, but it increases the difficulties in fab-
rication. For our TCHF, the outside segment of the hole-wall
is a glass with a lower refractive-index. This glass decreases
the confinement loss effectively. At 1580 nm the calculated
confinement loss is almost zero. Additionally, by this struc-
ture a convex section with maximum located in the wave-
length region around the ZDW is formed in the dispersion
curve, which results in a flattened dispersion around ZDW.

The TCHF supports multi-modes at 1580 nm. However,
since the first higher order mode has a confinement loss
about 7 dB/m, an effective single-mode propagation can be
obtained by bending the fiber to some extent.

The nonlinear coefficient (γ ) was calculated in the
same way as that in reference [10]. γ at 1557 nm is
679 km−1 W−1. The measured pulse-energy-dependent SC
spectra were shown in Fig. 4. For the pulse with the maxi-
mal energy the peak power is 1851 W. The nonlinear length
is 7.96 × 10−4 m. The dispersion length is 2.31 m. The ef-
fective fiber length is 0.49 m.
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Fig. 4 Measured pulse-energy-dependent SC spectra. The curve is dis-
placed by 10 dB

Since the pump wavelength locates at the normal dis-
persion region, self-phase modulation (SPM) must play an
important role in the mechanisms of SC generation [11].
Owing to the flattened dispersion of TCHF, the dispersion
length is much longer than the nonlinear length and ef-
fective fiber length. The SC broadening benefits from the
long dispersion length, since the temporal broadening of
pulse is mitigated. In this case the spectrum broadening can
be evaluated approximately by δf = (n2PLeff)/(Aeffλτ)

[12, 13], where n2 is the nonlinear refractive-index of the
glass, P is the peak power of the launched pump pulse,
Leff is the effective fiber length, Aeff is the effective mode
area, λ is the wavelength of the pump laser, and τ is the
pump pulse width. In our case n2 = 5.9 × 10−19 m2/W,
and Aeff = 3.49 × 10−12 m2. With the highest pulse energy
the δf = 1.25 × 1014 Hz. Therefore the calculated shortest
wavelength of SC is 0.94 µm. It is close to the measured
one. The longest wavelength is 4.4 µm, which is beyond the
scope of OSA (Yokogawa AQ6375, Japan). Since we can-
not eliminate hydroxides during the fabrication process due
to the limitation of experimental conditions, and the raw ma-
terials of TCHF are not of high purity, the fiber loss probably
is quite high at some wavelength regions of mid-IR, where
the loss is much more sensitive to impurities than in near-IR.
The longest wavelength of real SC spectrum must be shorter
than 4.4 µm.

4 Conclusions

We have developed a dispersion flattened tellurite highly
nonlinear holey fiber. The fiber has only one ring of holes.
The holes are formed by two tellurite glasses. The fiber was
fabricated by a simple rod-in-tube method. In this scheme,
on the one hand the dispersion is engineered to be the most
flattened for the high nonlinear soft glass fibers within 1.5–
1.6 µm, and on the other hand the difficulties in the fab-
rication of dispersion flattened soft glass holey fiber with
complex microstructure are avoided. Owing to the flattened
dispersion and high nonlinearity, more than one octave SC
generation was demonstrated by using the fiber under the
pump of a 1557 nm femtosecond fiber laser. The work paves
the way for the various potential applications of highly non-
linear soft glass holey fiber.
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