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Abstract. In this work, we investigate in detail the dispersion of SiO2-based photonic crystal fibers with
C7Hs-infiltrated hollow cores. By cleverly modifying the air hole diameters and lattice constants in the

structural design, we achieved ultra-flat near-zero dispersion as small as 0.462 ps/(nm.km) and diverse

dispersion properties of PCFs, which are very beneficial for supercontinuum generation. Based on the

analysis of the simulation results, we propose three optimal structures with small and flat dispersion

capable of generating a broad and smooth SC spectrum. The results of our study will be very useful for

fabricating fibers in low-cost all-fiber laser systems.
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1 Introduction

Supercontinuum (S5C) generation is a process
where a narrow laser pulse is propagated through
a strong nonlinear device and converted into light
with a very broad spectral bandwidth. Since it
was first reported by Alfano [1] until now, the
research on generating SC using photonic crystal
fibers (PCFs) has attracted many research groups
around the world due to its wide application
range, such as mnonlinear microscope [2],
spectroscopy [3, 4], pulse compression [5], high-
resolution optical coherence tomography [6],
frequency metrology [7], gas sensing [8], optical
communication systems [9], biology [10], etc. PCF
is a new type of optical fiber and has the
capability to confine light in its core region, which
is not possible with conventional optical fibers.
The flexibility in structural design and dispersion
control makes PCF an attractive nonlinear
medium for researchers in SC generation. The

combination of the selection of geometries for the
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PCF structure, including adjustment of the lattice
parameters [12-16], and the permeation of the
hollow core of the PCF with highly nonlinear
liquids such as chloroform, nitrobenzene, carbon
disulfide,
tetrachloroethylene [17-21] are common ways to
design the PCF.

carbon tetrachloride, and

PCFs with

dispersion have been the

ultra-flattened, near-zero
target of many
researchers to generate SC with large bandwidth
and high coherence. By appropriately reducing
the diameter of the core-neighboring air hole ring,
Abdelkader Medjouri et al. [22] obtained an ultra-
flattened chromatic dispersion as small as +0.66
ps/mm/km over a broadband of 400 nm with high
nonlinearity and ultra-low confinement loss. This
PCF generates the flat SC spectrum with an
FWHM of 600 nm and 25 cm of fiber length. The
work [23] introduced a PCF with a subwavelength
air hole in the core region and an air hole

arrangement in the cladding region and achieved
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an ultra-flattened normal dispersion within -72.4
to -73.15 ps/(nm.km) from 1750 to 2350 nm
wavelength. A SC bandwidth of 238 nm can be
obtained by using 50 cm of fiber. By using other
substrates to replace silica, Huang [24] proposed a
modified hexagonal tellurite PCF with broadband
ultra-flattened dispersion; the dispersion can be
kept within 60.47 ps/(nm.km) to 61.33 ps/(nm.km)
from 215 to 2.85 pum wavelength. The SC
covering 20004900 nm and the

dispersive wave located near 933 nm can be

spectrum

produced by using 5 cm fiber. The results in Ref.
[25] show that the PCF structure with lead silicate
ethanol displays extremely low dispersion with a
value that is less than 5 ps/(nm.km) and an SC
bandwidth of 2784 nm, which can be obtained for
the peak power of 5 kW. The results of the above
studies show that the SC generation efficiency
depends strongly on the ultra-flattened near-zero

dispersion of these PCFs.

In this study, a circular silica-based PCF
with a toluene-filled core, the diameter of the air
holes, and the lattice constant of the first ring are
designed differently from other rings in order to
to improve optical properties such as dispersion,
nonlinear coefficient, effective mode area, and
attenuation. Toluene (C7Hs) has been chosen to
infiltrate the PCF because it has a high nonlinear
refractive index and low toxicity. Its nonlinear
refractive index is n2 = 16.8x10"1 m2.W-1 [26],
which is 60 times higher compared to silica (n2 =
2.79x10-20 m2.W-1) [27]. Several SC studies based
on toluene-infiltrated PCF have demonstrated the
ability to control dispersion by reducing the
diameters of the first-ring air holes near the core
[28, 29], but ultra-flattened near-zero dispersion
has not been achieved. We chose the circular
lattices to design the PCF structure because of
their high symmetry, and therefore light is
strongly restricted to the core. Moreover, most of
the previous publications on PCF using hexagonal

and circular lattices have not been studied much.
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With such a design, we achieve an ultra-flattened
near-zero dispersion as small as 0.462 ps/(nm.km)
for the wavelength range of 500 nm. Moreover,
the dispersion characteristic of the PCF can be
easily controlled by adjusting the filling factor
di/A.

2 Numerical modeling of the
toluene-core PCFs

All the C7Hs-filled PCF structures are modeled by
using Lumerical Mode Solutions (LMS) with the
(FDE)
method to achieve the field intensity profile of the

full-vector finite-difference eigenmode
fundamental mode of the PCFs. The process of
FDE utilizes the Maxwell wave equation and the
boundary condition for simulation is a perfectly
matched layer, which allows strong absorption of
the outgoing waves from the computational
region without any reflection. The typical way of
controlling the physical parameters is by
changing the geometry of the PCF structures, such
as the lattice constant and the air hole diameter.
The schematic part of the designed fiber has been
shown in Fig.1a. The cladding consists of 8 layers
of air holes, which are periodically arranged in a
regular circular structure with toluene infiltration
in the core. The diameter of the innermost air
holes of the cladding is di, while the diameter of
the air holes in layers 2-8 is d2. The linear filling
factor of the cladding is defined as di/A for the
first ring and d2//AA for the other rings (A is the
lattice constant). The work [21, 22, 29, 30] shows
that the dispersion properties, including flatness
and zero-dispersion wavelength shift, are
dominated by the size of the air holes in the first
ring of the cladding, but the size of other rings is
responsible for the low attenuation of the
fundamental mode and even the higher modes.
To our knowledge, no work has mentioned the
influence of the lattice constant of the first ring on

the control of the dispersion characteristics of
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PCF. Therefore, for this simulation, the distance
from the center of the core to the air-holes of the
first inner ring is chosen as A1 = 1.099/ while the
distance between the other rings is kept as A. We
keep the same value of 0.95 for the filling factor
d2/A (but di/A varies from 0.3 to 0.65) and use the
following lattice constants A: 0.9 um, 1.0 um. By
skillfully tuning such lattice parameters, PCF has
demonstrated good confinement of light in the
core (Fig. 1b).

Fig. 1. a. The geometrical structures of PCF with
toluene-core

y (microns)

(b) x (microns)
Fig. 1. b. The light is well confined in the core of PCF

The real parts of the refractive index of
toluene and fused silica used in this paper versus
wavelength are shown in Fig. lc. Cauchy’s
equation [31] shows the dependence of refractive

index characteristics on wavelength for toluene:

12 e () = 2161659124 +0.000495188 12
+0.0213817902 % +0.0000588382* (1)
+0.0000876324°°

Fused silica is selected as the background
material in all the designs of these PCFs, and the
refractive index can be obtained using the

Sellmeier formula [32]:
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where A is the excitation wavelength in
micrometers, n(A) is the wavelength-dependent

linear refractive index of materials.
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Fig. 1. c. Real parts of the refractive index of

toluene and fused silica

3 Optimization of dispersion in the toluene-
core PCFs

The dispersion parameters corresponding to the
designed fibers are calculated by using the
formula [33],

_ _i d? Re[neff]

3),
c di? )

where Re[nei] is the real part of ner, which is the
effective index of a guided mode calculated by the
FDE method, and c is the velocity of light in a

vacuum.

The large difference in refractive index
between the core and the mantle is essential for
the light modes to be well confined in the core,
which is important for the optimization of the
dispersion of the PCF. The relationship between
the effective refractive index and the investigated

wavelength is displayed in Fig. 2.
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Fig. 2. The real part of effective refractive index as a function of wavelength with various d1/A and A =0.9 um (a),
A=1.0pm (b), A=1.5pum (c), and A =2.0 um (d)

In all cases, as wavelength increases, the
real part of the effective refractive index (Re[rzet])
decreases monotonically. In the low-frequency
region, Re[net] has a small value due to the
leakage of light modes either into the cladding or
between the air holes. When di/A is fixed, the real
part of the effective refractive index increases with
the lattice constant /A. Meanwhile, the change of
di//A will strongly affect the value of Re[nes] if the
lattice constant A is fixed. In particular, the

decrease of di//\ causes Re[net] to rise. The ability

36

to confine light in very small-diameter cores is
worse than that in large-diameter cores. Because
the core diameter depends on both di and the
lattice constant A and is determined by the
formula: Dcore = 2/ — 1.2d1. However, if the core of
PCF is too large, mode leakage will increase.
Therefore, the limit of increase in core diameter
must be kept in mind during the design of the
PCF in order to minimize light leakage into the

cladding.
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Table 1. The value of the Re[#.i] of the effective refraction index with various d1/A and A at 1.55 ym wavelength.

Re[netf]
di/A A=0.9 um A=1.0pm A=15um A=20pum
0.3 1.402 1.412 1.441 1.454
0.35 1.397 1.408 1.439 1.453
0.4 1.391 1.402 1.436 1.451
0.45 1.384 1.397 1.433 1.449
0.5 1.377 1.390 1.429 1.447
0.55 1.369 1.384 1.426 1.445
0.6 1.361 1.377 1.422 1.443
0.65 1.352 1.369 1.418 1.440

Tab. 1 indicates the value of the real part of
the effective refraction index of PCFs with various
di//A values at 1.55 pm wavelength, which is the
common pumping wavelength of the laser in SC
generation. The maximum and minimum values
of Re[neif] are 1.454 and 1.352 with A = 2.0 um;
di/A=0.3 and A = 0.9 um; di/AA = 0.65, respectively.
The small difference between the two refractive
index values for both cases is 0.102, proving that
the light modes are well confined in the core of
the toluene-infiltrated PCFs. This promises that

we will obtain the expected dispersion properties.

The dispersion characteristic of PCF causes
a change in the optical pulse per unit distance of
the propagation length, so a PCF with suitable
dispersion properties for SC generation is always
the aim of researchers. The dependence of
dispersion on wavelength for different values of

di//A and A as shown in Fig.3. Both anomalous and

dispersion regimes are found with a
all-normal

shift of ZDWs

wavelength

larger towards the longer

region. For the smaller lattice
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constant (A = 0.9 um, Fig.3a), PCFs exhibit
anomalous dispersion with one ZDW when di/A
is less than 0.5. For the other case of di/A, the
dispersion is completely located in the all-normal
dispersion profile, and the decreasing values of
the filling factor di/A (0.65 to 0.5) make the all-
normal dispersions more and more flat and close
to the them, the
dispersion curve is the flattest when di/A = 0.5;

zero-dispersion. Among
this curve will shift very close to the zero-
dispersion as / increases (Fig.3b), which is very
beneficial for the generation of SC with a broader
and flatter spectrum [22-25]. For A = 1.0 um,
Fig.3b also presents the diversity in the dispersion
characteristics of the PCFs. In this case, all-normal
and anomalous dispersions with one and two
ZDWs are observed. Very interestingly, an
anomalous ultra-flattened near-zero dispersion, as
small as 0.462 ps/(nm.km) over a broadband of
500 nm, is achieved in the investigated
wavelength region when di/A = 0.5. This is an
outstanding advantage that some previous
publications on liquid-infiltrated PCFs have not
yet achieved [17, 20, 22, 28-29]. The slope of the

dispersion changes drastically for a variation of
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the filling factor, i.e. the change in air-hole
diameter, as also shown in Fig. 3a and 3b. The
interaction between waveguide dispersion and
material dispersion is responsible for this effect.
For smaller di//, matter dispersion plays a major
role, while the waveguide effect dominates for
higher di/A. Besides, varying di/A and A also
influences the shift of ZDW of PCF, this is
manifested in Tab. 2. Shifting the ZDW toward

100 T T T T T T T T T T T
75+

longer wavelengths in PCFs has an important role
for soliton-driven supercontinuum by low-cost
and short-pulse lasers with the pump wavelength
chosen to be larger but closer to the ZDW. In the
case /A = 0.9 um and di//A = 0.45, the value of ZDW
is 1.494 um, which is approximate to the common
(1.55 pm) in SC-based

generation based silica-PCF.
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Fig. 3. The dispersion characteristics of toluene-core PCFs with various di/A and A =0.9 pm (a), A =1.0 pm (b), A =
1.5 um (c), and A =2.0 um (d)
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Table 2. The values of ZDW of toluene-core PCFs with various values of d1/A and A

di//A A=0.9 (um) A=1.0 (um) A=15 (um) A=2.0 (um)
ZDWsl ZDWs1 ZDWs2 ZDWs1 ZDWsl
0.3 1.239 1.280 1.388 1.458
0.35 1.284 1.308 1.349 1.417
0.4 1.350 1.337 1.300 1.375
0.45 1.494 1.363 1.256 1.342
0.5 1.455 1.893 1.215 1.309
0.55 1.178 1.280
0.6 1.137 1.373 1.145 1.252
0.65 1.061 1.390 1.116 1.225

When A is larger (/A =1.5 pm and 2.0 pm),
all dispersion curves intersect the horizontal axis,
indicating that PCFs only exist in anomalous
dispersion regimes with one ZDW. Furthermore,
the dispersion value at a given wavelength
increases with the increase of di//A. This results in
ZDWs shifting towards shorter wavelengths.
Therefore, if we keep an eye on the optimal
structure corresponding to the anomalous
dispersion, in this case, we should choose PCFs

with a small di/A.

In our simulation, the difference in
distances from the core center to the air holes of
the first and other rings in the cladding is the
main factor governing the flatness of the
dispersion characteristic. To demonstrate this, we
compare the dispersion characteristics of the
toluene-core PCFs with the following lattice

parameters:

* The dispersion characteristic of PCFs with
A =1.0 pum, refers to [29], is shown in Fig. 4, where
the distances from the core center to the air holes

of the first and other rings are the same as /.

*  Fig.3b
characteristic of PCFs with A = 1.0 um, where the

displays the  dispersion
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distance from the core center to the air holes of the
first ring is /A1 = 1.099/ and the distance between
the air holes of the other rings is A.

Fig. 4 and Fig.3b verify that the dispersion
characteristics of the PCFs in this work are flatter.
Very interestingly, we achieve an ultra-flattened
near-zero dispersion with A = 1.0 um and di/A =
0.5.
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Fig. 4. The dispersion characteristics of toluene-core
PCFs with various values of di//A, A1=/A and A=1.0 um
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Fig. 5. The dispersion characteristics of proposed PCFs

The propagation of a narrow input pulse
excited at a specified wavelength in a nonlinear
medium such as PCF with different dispersion
characteristics determines the characteristics of
the SC spectrum. First, a smooth and broad
spectrum is achieved in PCFs with an all-normal
flat dispersion regime. However, in this case, the
spectral expansion is limited due to phase self-
modulation effects. So, peak power is a factor that
needs to be considered carefully. Second, the low
anomalous dispersion near ZDW provides the
generation of a broader SC spectrum due to its
soliton effects despite the low peak power, but the
spectrum is often noisy [34]. Based on the above
simulation results, we propose three optimal
PCFs suitable for the generation of SC, namely
#F1, #F2, and #Fs. These structures, which exhibit
good flatness dispersion and are close to the zero-

dispersion curve in the investigated wavelength

region, are manifested in Fig. 5.

The first fiber #F1 (A = 0.9 ym and di/A =
0.45), has
expected to produce the highly coherent SC

anomalous dispersion, which is
pulses in the regime of anomalous dispersion
with a pump wavelength of 1.55 um. This fiber
was selected because it has a ZDW of 1.494 um,
which is the closest to the wavelength used for
pumping. Another reason is that the calculated
dispersion at 1.55 um equals 2.935 ps/(nm.km),
which is also the smallest value for all dispersion
characteristics computed for structures with A =
0.9 pm at 1.55 um. #F:1 fiber can offer broad

soliton-induced SC generation.

The outstanding advantage of second fiber
#F: is that it has an ultra-flattened near-zero
dispersion and an anomalous dispersion regime
with two ZDWs. pump
wavelength is 1.55 um, near the first ZDW of the

Furthermore, the

dispersion curve, and the value of the dispersion
is 0.462 ps/(nm.km), which is small enough for
high SC efficiency. Therefore, the structure with A
= 1.0 um and di/A = 0.5 was selected as the most
optimal fiber, which was used for SC to achieve

the broadest spectrum with low peak power.

#Fs fiber with /A = 1.0 pm and di/A = 0.55 has
an all-normal dispersion regime. The value of
anomalous dispersion is —0.341 ps/(nm.km) at the
pump wavelength of 1.3 um, near the local
maximum point of the dispersion curve. This fiber

can provide a broad and smooth SC spectrum.

Table 3. The structure parameters and the characteristic quantities of proposed PCFs at the pump wavelength.

# D- A di/A Pump wavelength Re[rter] D
(Hm) (um) (pum) (ps/mm.km)
#F1 1.314 0.9 0.45 1.55 1.384 2.935
#F> 14 1.0 0.5 1.55 1.39 0.462
#Fs 1.34 1.0 0.55 1.3 1.406 -0.341
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The and the

characteristic quantities of the proposed PCFs at

structure  parameters
the pump wavelength are indicated in Tab.3.
Dispersion values at the pump wavelength are
much smaller than some previous work [20, 22,
28-29] on SC generation based on liquid-filled
hollow-core PCFs.

4 Conclusion

We have investigated the circular lattice PCF
structure with toluene infiltration. A near-zero
ultra-flattened dispersion as small as 0.462
ps/(nm.km) is obtained over a broadband of 500
nm with the modification of structure parameters,
in which the distance from the core to the air-
holes of the first ring is suitably adjusted. The
fibers also have a smaller and flatter dispersion
than those with liquid infiltration in previous
works [17, 20, 22, 28-29]. Moreover, the diversity
in dispersion helps us to have many optimal fiber
options to study SC generation as well as fabricate
experimental fibers. Three optimal fibers with flat
and small dispersion have been selected and
analyzed in detail to be used for SC generation

with broad bandwidths and low peak power.
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