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Design and modeling of the nonlinear properties of octagonal
lattice Ge)(Sb;Se;; photonic crystal fibers
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ABSTRACT

Most silica photonic crystal fibers have limited spectral broadening in the infrared region, mak-
ing them less than ideal in terms of technological applications. In this work, we propose a new
GeyoSbsSess chalcogenide octagonal photonic crystal fiber that provides diverse dispersions with
all-normal and anomalous regimes and multiple zero-dispersion wavelengths. The nonlinear prop-
erties are investigated over a wide wavelength range up to 14 um by numerically solving Maxwell's
wave equations using Lumerical Mode Solutions software. The full-vector finite-difference eigen-
mode method minimizes the losses so that low confinement losses in the short-wavelength region
of 1 — 6 um are found and nonlinear coefficients as high as thousands of W=! km~! are achieved.
Three fibers with an all-normal dispersion profile and anomalous dispersion with one or three zero
dispersion wavelengths are proposed for supercontinuum generation. The fibers provide small dis-
persion values of —0.88, 0.08, and 1.646 ps/(nm.km) at suitable pump wavelengths. Furthermore,
the very small confinement loss of approximately 10~ to 10~!! dB/m is the outstanding advan-
tage of these optical fibers. A broadband spectrum with low input power is expected as a result of
the proposed fiber-based supercontinuum generation.
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INTRODUCTION

Broadening the output pulse in the mid-infrared
(MIR) and infrared (IR) spectral regions is difficult
when silica photonic crystal fibers (PCFs) are used for
supercontinuum (SC) generation due to the high ma-
terial absorption of glass. This is also the main limita-
tion of silica PCFs, although this material is very pop-
ular and very easy to spin. To overcome this problem,
many solutions, such as silica PCFs with various ge-
ometries 2 or liquid infiltration into hollow cores>*,
have been demonstrated to further improve their SC
generation performance. However, the application
of these PCFs in wide wavelength ranges (MIR, IR)
is still a major challenge for research groups. In re-
cent years, chalcogenide (ChG) glasses have become
known as excellent nonlinear materials with the abil-
ity to provide SC spectra in a wavelength range as wide
as 20 um>®, Compared with silica, ChG glasses have
higher optical transparency, higher linear and non-
linear refractive indices, lower phonon energy and
greater optical transparency’. These compounds are
formed mainly by chalcogenized elements of group
XVI (S, Se and Te) and covalently bonded to Ge,
As and Sb of group XV or Ge and Si of group XIV.
Along with the flexibility in the structural design of

PCFs, these beneficial properties are exploited and
demonstrated numerically or experimentally for gen-
erating very broad bandwidths and highly coherent
SC sources.

By numerical simulation, work® reported that As,Se3
hexagonal PCFs can produce low dispersion values of
19.92, 8.19, 4.06, and 15 ps. (nm/km) at pump wave-
lengths 0f 2.05, 3.1, 3.5, and 4.0 um, respectively, with
variations in the lattice constant A and the filling fac-
tor d/A (A =1.0 um, d/A =0.8; A =2.5um, d/A =
0.6; A =3.0 um, d/A =0.5;and A = 3.5 um, d/A =
0.5). These PCFs enabled SC with a spectrum exten-
sion from 2 to 15 um. Article® numerically proved
that a Ge|5Sb5Se7q circular lattice-PCF has an all-
normal dispersion profile with a small effective mode
area and high Kerr nonlinearity up to 1.96 W—!.m™!
at 3 um, but the investigated wavelength area is only
up to 8 um. The effective mode area and nonlinear
coefficient of GagSb3,Sg0-PCF (A = 2.5 um, d/A =
0.352) with a hexagonal structure of 1 are 15.23 ym?
and 970 W1 km~! at 4.5 um, respectively, as veri-
fied by simulations of ultraflat MIR SC generation. A
GagSb3,Se0-PCF with alength of 9 mm and rectangu-
lar core was demonstrated to generate SC spectra with
a MIR broadband due to its small all-normal disper-
sion. The values change from —19.52 ps/(nm.km) to
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—11.78 ps/(nm.km) at a pump wavelength of 4.0 um
as diameter d; increases from 1.3 to 1.9 um with A =
2.5 um!!, Adjusting the diameter d of the air holes in
the hexagonal cladding of As3gSes;-PCF dominated
the dispersion properties in favor of SC generation in
the MIR region. Additionally, a PCF with A = 2.5
um and d = 0.7 um was reported to have a small
effective mode area and a high nonlinear coefficient
at 3.45 pum, which are 6.8 um2 and 5.89 W~ l.m1,
respectively 12, The generation of SCs in the MIR re-
gion with high coherence was reported in'3 based
on GeSe;-AsySez-PbSe-PCFs with optimized disper-
sion. A dispersion value of —100 ps/(nm.km) at 3.1
pm was found for the structure A = 2.5 um, d =
1.3 um, but the nonlinearity was not as high as ap-
proximately 100 W~ 'km~! with d = 0.65. Refer-
ence '* also numerically analyzed the possibility of en-
abling MIR ultrabroadband SC generation based on a
Ge11.5As24Segy 5-circular PCF with a low dispersion
value. The variation in the lattice constant A leads to
a variation in the dispersion, the value of which varies
from —2.62 ps/(nm.km) at A; = 1.68 um to —0.69
ps/(nm.km) at A} = 1.75 um. Furthermore, the ef-
fective mode area also changes from 5.66 um? to 5.30
um? when A is adjusted from 1.75 to 1.70 um.

In the present study, ChG-PCFs were fabricated quite
conveniently using stack-and-draw methods, and the
mid-infrared SC generation spans ~2.0 to 15.1 pum
in 3 cm long AsySez and AsSe; fibers. Addition-
ally, Ge|5SbygSess-PCFs spun into bare glass fibers
have a loss of approximately 1.68 dB/m at 6.0 um ac-
cording to the melt-quenching method; these fibers
are good candidates for highly sensitive temperature

Sensors 15’16.

Different methods, such as the cast-
ing method!”, combined extrusion method!8, and
rod-in-tube drawing technique 19 have been shown
to improve and enhance the quality of ChG-based SC
generation-PCFs.

Obviously, ChG-PCFE as an interesting nonlinear
medium for SC generation in the IR and MIR regions,
has been verified through previous publications. The
variations in the geometry of the lattice, the arrange-
ment of the air holes in the cladding, and even the
variety in the shape design of the core strongly influ-
ence the improvement in the dispersion and nonlin-
ear properties of the fibers. Lattice types with high
symmetry, such as hexagonal, circular, rectangular,
and suspended cores, are preferred for design, but
changing many lattice parameters at the same time
can lead to complex fiber manufacturing. There are
very few papers mentioning octagonal ChG-PCFs,
and publication?® showed the ability to improve the

dispersion of octagonal As,Se3-PCFs. The values
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of characteristic quantities such as dispersion, non-
linear coefhicient, and effective mode area are 77.55
ps/(nm.km), 4506 W lkm™!, and 6 /,tmz, respec-
tively, at 1.55 um, which is suitable for SC generation.
The dispersion properties and nonlinear properties of
GepoSbsSe75-PCFs over a broad wavelength range up
to 14 um are investigated in numerical detail and re-
ported in this work. The same air holes are arranged
evenly in the cladding in an octagonal fashion. A flat
dispersion with a very small value of approximately
1.0 ps/(nm.km) and high nonlinearity coeflicients of
thousands of W1 km~! are achieved. Interestingly,
very low confinement losses, as low as approximately
10~!" dB/m at a suitable pump wavelength, were ob-
tained. This makes the proposed optimal PCFs quite
necessary for broadband SC generation in the MIR re-
gion with low peak power.

MATERIALS-METHODS

Lumerical Mode Solutions software assisted us in
designing the structures of the GeyoSbsSe75-PCFs.
First, the GepSbsSe75 material is introduced into the
data system by determining the Sellmeier coefficient
of the linear refractive index according to Equation
(1)2L. Second, we build a subroutine for the octago-
nal structure. There are eight layers of air holes with
diameter d = (0.3 — 0.75)A, with A being the dis-
tance between two adjacent holes (lattice constant)
surrounding a core with diameter Dc = 2A — d. The
values of A are 2.2, 2.5, 4.5, and 5.0 um. The position
of the air holes is calculated so that they are evenly
spaced and parallel to the axis of the core and then
attached to the system. Finally, we chose the refrac-
tive indices of the air in the available data to determine
the entrance into the holes in the cladding. The shape
of the PCF in two dimensions is illustrated in Fig-
ure la. The refractive index of the GeyySbsSes5 mate-
rial was extrapolated according to?! and is shown in
Figure 1b. The values decrease with increasing wave-
length, but the decrease in the refractive index is faster
in the short-wavelength region from 1 to 2 um.

n(A) =

0.89312
A2 —-491.72

- 476172 N 0.069941.2 N
A2-0.0356 ' A2 —0.6364

where A is the wavelength and n(A) is the refractive

index of the material.

The propagation of electromagnetic modes in nonlin-
ear media such as GepoSbsSe75-PCFs is modeled by
solving Maxwell’s wave equations. The cross-section
of the fibers is divided into a very large number of
very small rectangles to minimize losses using the

(1)
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Figure 1: The shape of Ge;(SbsSe75-PCF in two-dimensional space with the core in the center and eight surround-
ing layers of air holes. The white represents air filling into the holes and the green represents the Ge;(SbsSe75 base
material (a). The decrease of linear refractive index with respect to wavelength is extrapolated according to 21 (b).

full-vector finite-difference eigenmode method. Fur-
thermore, the boundary condition is chosen to be per-
fectly matched layers to help maximize light absorp-
tion and minimize reflection at the boundary. The
good light confinement in the core of GeyoSbsSe7s-
PCFs is illustrated in Figure 2.

Dispersion is a typical phenomenon of optical fibers
and is characterized by how fast the pulse’s different
frequency components move due to interactions with
the electrons of the medium, described by Equation
(2)?2. PCFs with suitable dispersion properties, such
as flatness over a wide wavelength range, small gradi-
ents, and low values at pump wavelengths, are always
important factors in improving the quality of the SC
process.

A d*Re [neyy]

D) =-2— )

where Re[n, ff], A, and c are the real parts of the ef-
fective refractive index, the wavelength, and the speed
of light in a vacuum, respectively.

When the laser pulse propagates in an optical fiber,
the quantity responsible for the dispersive temporal
broadening of pulses is expressed in the group velocity
dispersion (GVD) parameter (7) as follows 2’

AD(A)
21c

B=- A3)

Further SC spectral broadening at the edges depends
on the nonlinear characteristics of PCFs, such as con-
finement loss (L.), the nonlinear coefficient (), and
the effective mode area (A, ), which are determined
through the following formula ?2:

2r

L. =8.686 7

Im [neyy] )

where Im [n, 7] is the imaginary part of the effective
refractive index. The confinement loss is one of the
characteristic quantities of PCFs; it represents the de-
gree to which information is confined in the core and
is not scattered when the laser pulse is transmitted.
Structural parameters such as the air hole diameter
and lattice constant affect the confinement loss.

ny

v =2m )

where n, is the nonlinear refractive index of
GepoSbsSe7s. The nonlinear coeflicient quantifies the
strength of the nonlinear interaction relative to the
Kerr nonlinearity of the medium. PCFs with higher
nonlinearities are more beneficial for low-peak power
SC sources. The nonlinear coefficient quantifies the
strength of the nonlinear interaction relative to the
Kerr nonlinearity of the medium. PCFs with higher
nonlinearities are more beneficial for low-peak power
SC sources. The nonlinear coefficient is inversely
proportional to the effective mode area, which
represents the area that the wave guide or fiber mode

effectively covers in terms of transverse dimensions.

oo o0 2
o US| EPdxdy) ©)
T T |E*dxdy

RESULTS

Normal and anomalous dispersion is achieved in op-
tical fibers due to the increase or decrease in the re-
fractive index with increasing wavelength. Typically,
anormal dispersion is observed as the refractive index
decreases with increasing wavelength. However, in
small wavelength ranges, the absorption of radiation
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Figure 2: The images illustrate the confinement of light in the core of GeySbsSe75-PCFs.

causes the refractive index to increase with increasing
wavelength, a phenomenon known as anomalous dis-
persion.

GepSbsSe7s-PCFs have diverse dispersion properties
over a wide wavelength range, as shown in Figure 3.
Most anomalous dispersions with one, two or even
three zero dispersion wavelengths (ZDWs) are found.
There is only one all-normal dispersion for a PCF with
structure A = 2.2 um and d/A = 0.3. For small PCFs
(A =2.2 and 2.5 um), the majority of the dispersion
curves have a typical parabolic profile, separating nor-
mal and anomalous dispersion regions in the investi-
gated wavelength range. When A = 2.2 um, except
for the only all-normal dispersion curve, the remain-
ing structures all have anomalous dispersion with two
ZDWs in the wavelength range up to 8 um. For PCFs
with A = 2.5 um, we obtain two dispersion curves
with three ZDWs corresponding to the structures A =
2.5 um, d/A=0.3and A=2.5um, d/A=0.35. When
the size of the PCFs is further increased (A = 4.5 and
5.0 um), only anomalous dispersion curves are ob-
served with one ZDW. Furthermore, the dispersion
curves tend to shift above the zero dispersion curve
as d/A increases from 0.3 to 0.75. Therefore, ZDW
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increasingly shift toward shorter wavelengths, while
ZDW,, and ZDW3; shift toward longer wavelengths.
Table 1 shows the values of ZDWs when A and d/A
vary. The ZDW of PCFs with A =2.2 and 2.5 pum has
a value close to the wavelength of 1.55 um, which is
the wavelength of common commercial laser sources.
This finding implies that we choose appropriate pump
wavelengths for SC generation. However, some stud-
ies on ChG-PCFs>®? have verified that suitable pump
wavelengths can be selected in the MIR or IR region.
Due to the rapid development of fiber optic technol-
ogy today, choosing a pump wavelength in any region
is feasible in practice.

The relationships between the GVD parameter and
wavelength and between the GVD parameter and the
variation in the structural parameters are shown in
Figure 4. In the wavelength region smaller than ap-
proximately 4 pm, the difference in GVD values of
the structures is not large. At best, the separation be-
tween the curves is clearer in the longer wavelength
region. The GVD will be either positive or negative
depending on whether the fiber is a normal or anoma-
lous dispersive type. The GVD increases rapidly in the
wavelength region greater than 6 pm.
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Figure 3: The all-normal and anomalous dispersions with multiple ZDWs of Ge(SbsSe75-PCFs when d/A varies
from 0.3 to 0.75, with A = 2.2 um (a), 2.5 um (b), 4.0 um (c), and 5.0 um (d).

Table 1: The ZDWs of Ge,;Sbs;Se;5-PCFs with variations in A and d/A

d/A

0.3

0.4
0.45

0.5

0.6
0.65

0.7

A=22pum

ZDW; ZDW,
D<0 D<o0
2.391 3.804
2.277 4.399
2.207 4.87
2.152 5.340
2.107 5.707
2.063 6.084
2.021 6.430
1.981 6.702
1.940 7.07

ZDW;
2.663
2.468
2.375
2.313
2.260
2.214
2.170
2.127
2.086

2.044

A =2.5um

ZDW,
3.706
4.455
5.088
5.627
6.144
6.544
6.978
7.308
7.686

7.958

A=45
Um

ZDW3 ZDW |
8.736 3.048
9.729 2.976
2917
2.868
2.818
2.774
2.728
2.683
2.638

2.591

A=5.0um

ZDW,
3.141
3.075
3.021
2.973
2.835
2.881
2.835
2.791
2.745

2.699
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Figure 4: The graph of GVD against wavelength of Ge,SbsSe7s-PCFs when d/A vary from 0.3 to 0.75, with A = 2.2

um (a), 2.5 um (b), 4.5 um (c), and 5.0 um (d).

Based on the preliminary dispersion and GVD pa-
rameter results, three optical fibers with suitable dis-
persion and GVD values are introduced to study in
detail the characteristic quantities required for the SC
process. The names of the fibers are #F, #F;, and #F3,
with the structural parameters A = 2.2 um, d/A =0.3;
A=45pum,d/A=03;and A =25 pum, dA=023.
Figure 5 — Figure 9 displays the dispersion and quan-
tities that characterize the nonlinear properties of the
three fibers. The values of dispersion, GVD parame-
ter, confinement loss, nonlinearity coeflicient, and ef-
fective mode area at the pump wavelengths are calcu-
lated and indicated in Table 2.

DISCUSSION

Dispersion is a very important factor in choosing
a suitable fiber for SC processes with all-normal or
In addition,
the number of ZWWs in dispersion profiles governs

anomalous dispersion characteristics.

the spectral characteristics related to soliton dynam-
ics. Fiber #F| (A = 2.2 um, d/A = 0.3) possesses
all-normal dispersion and has a local maximum at a
wavelength of approximately 2.8 um (Figure 5). The

3040

expected pump wavelength for SC generation is 2.85
um. A low dispersion value of —0.88 ps/(nm.km)
was obtained at this wavelength (Table 2).
pared to previous publications on SCs based on ChG-

Com-

PCFs with all-normal dispersion, the dispersion value
achieved is approximately 13 times lower than !, 113
times lower than!?, and 3 times lower than!4. A
low dispersion at a suitable pump wavelength is an
ideal condition for enabling an SC with a boad spec-
trum and high coherence under the control of the
self-phase modulation effect and optical wave break-
ing. This phenomenon occurs because the energy is
transferred sequentially from high frequency to low
frequency in the pulse by stimulated Raman scatter-
ing?3, leading to the suppression of soliton dynamics.
The dispersion curve of fiber #F (A =4.5 um, d/A =
0.3) is divided into two regimes: normal and anoma-
lous dispersion (Figure 5), with ZDW = 3.048 um.
The recommended pump wavelength is 3.05 um so
that the fiber is pumped in an anomalous dispersion
regime. Typically, the SC spectrum is much broader
than that of a fiber pumped in the normal dispersion
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0.3), #F, (A = 4.5 um, d/A = 0.3), and #F3 (A = 2.5 um, d/A = 0.3) (a). The nonlinear coefficient values of fibers at

pump wavelengths (b).
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Figure 9: The effective mode area on the wavelength of proposed fibers, #F| (A =2.2 um, d/A =0.3), #F, (A= 4.5
um, d/A =0.3), and #F3 (A = 2.5 um, d/A = 0.3) (a). The effective mode area values of fibers at pump wavelengths

(b).

Table 2: The structural parameters and the values of the characteristic quantities at the pump wavelength of

the three proposed fibers

# Dc A d/A Pump
wave-
length

Um um um
#F 3.74 2.2 0.3 2.85
#Fy 7.65 4.5 0.3 3.05
#F3 4.25 2.5 0.3 2.70

D B2 Lc Y Aerf
ps/nmkm  ps*/m dB/m W l'km~ um?
—0.880 3756 1.305x10° 1010.043  9.371
0.080 —3.967 1.549x10" 289.265 30.559
1.646 —6.650  1.440x10° 921.717  10.837

regime due to the impact of soliton effects such as soli-
ton fission, self-shifting soliton frequency, and disper-
sion waves2>-2°, Moreover, with a very low disper-
sion value of 0.08 ps/(nm.km) at the pump wavelength
(Table 2), this fiber is expected to generate a high-
quality SC. Fiber #F3 (A = 2.5 um, d/A = 0.3) has
anomalous dispersion with three ZDWs, so the dis-
persion region is divided into four parts (Figure 5).
With a dispersion value of 1.646 ps/(nm.km) at 2.7
um, close to ZDW; (2.663 um), the proposed fiber
pumps are in the first anomalous dispersion regime,
so soliton dynamics remain the main mechanism for
broadening the SC spectrum. Furthermore, a soliton
shift can occur from the first anomalous dispersion
region to the second anomalous dispersion region,
causing the spectrum to continue to broaden?®. In
addition, effects such as phase modulation and four-
wave mixing are created on the left side of the ZDWs,

causing a green shift in the trapped wave, which also
helps increase the bandwidth2®. The dispersion val-
ues obtained at the pump wavelength for fibers #F
and #F, are much lower than those in reference®.
The GVD parameter is proportional to dispersion and
characterizes the influence of the medium on the du-
ration of an optical pulse. The GVD values at the
pump wavelengths of the three proposed fibers are
3.756, —3.967, and —6.650 ps*/m. Fiber #F| has the
lowest dispersion value corresponding to the smallest
GVD.

The confinement loss of fibers #F, #F,, and #F3 in-
creases rapidly in the long-wavelength region (4 > 5.0
um) (Figure 7) due to the leakage of low-frequency
components from the core to the cladding or between
air holes. This also leads to a large effective mode area
in this wavelength region. In addition, the nonlinear
coefficient is also reduced because it is inversely pro-
portional to the effective mode area. Therefore, all the
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fibers had a pump wavelength chosen to be less than
5.0 um. Among the three fibers, fiber #F, has the
smallest L. value (1.549x10~!! dB/m) and the low-
est dispersion value compared to the others, but it has
the largest effective mode area and smallest nonlinear
coeflicient (Table 2). This opens up the opportunity to
create broadband SCs using #F; fibers. The larger the
L. is, the more the spectrum is limited to broadening
at the red edge. It should be noted that it is difficult to
simultaneously optimize the nonlinear characteristics
of the fibers because the fibers are advantageous be-
cause they can be used to generate appropriate SC ori-
entations. Fiber #F; has the smallest effective mode
area, leading to the highest nonlinear coeflicient, and
the dispersion value of —0.88 ps/(nm.km) is smaller
than that of fiber #F3. Although the L. of this fiber is
the largest among the three fibers, it is still quite small
compared to that in some previous publications .
This fiber can be used as a broad-spectrum and low-
peak-power SC source due to the high nonlinearity at
the pump wavelength. Fiber #F3 is still expected to
produce a broadband SC under the influence of soli-
ton dynamics, although this approach does not have
outstanding advantages when considering the value
of nonlinear characteristic quantities. A rather small
L. value of 1.440x 10~/ dB/m and a rather high non-
linearity coefficient of 921.717 W~1.km~! at a pump
wavelength of 2.7 im are necessary conditions for ob-
taining a broad-spectrum SC with low peak power.
Moreover, soliton migration through different disper-
sion regions due to the existence of three ZDWs helps
the SC spectrum continue to expand further.

The combination of two factors, the highly nonlinear
Gey(SbsSe7s substrate and the octagonal lattice of the
designed structure, helped fibers #F;, #F,, and #F3
demonstrate outstanding advantages in terms of dis-
persion and nonlinear properties in the wavelength
range up to 14 um. These materials have a flat dis-
persion profile, low value and very small confinement
loss suitable for broadband SC generation applica-
tions. Table 3 compares the dispersion values and
characteristic quantities of the proposed PCF with
those of other publications on the use of Ge-Sb-Se
compounds.

CONCLUSIONS

We designed and modeled forty GeyoSbsSe75-PCF
structures with octagonal lattices. The dispersion and
nonlinear properties of the fibers are investigated in
detail over a wavelength range of up to 14 um by
numerically solving Maxwell’s wave equations using
the full-vector finite-difference eigenmode method.
Based on the dispersion property and GVD parameter
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results, we propose three fibers with suitable charac-
teristic quantities for determining the direction of SC
generation. Fibers #F;, #F,, and #F3 have very low
dispersions——0.88, 0.08, and 1.646 ps/(nm.km)—at
pump wavelengths of 2.85, 3.05, and 2.7 pm, respec-
tively; these values are much lower than those of our
previous publication?” on GeyySbsSe7s-PCF with a
hexagonal crystal lattice. In addition, the diversity in
the dispersion profiles of the three fibers (all-normal
dispersion and anomalous dispersion with one or
three ZDWs) strongly influences the characteristics of
the SC spectrum. With high nonlinear coefficients of
1010.043, 289.265, and 921.717 W~ .km ™! and low
confinement losses 0f 1.305x 1075, 1.549x 10~ !, and
1.440x10~7 dB/m, respectively, three fibers are ex-
pected to create SCs with the spectrum broadened
further toward the edges. Compared with previous
publications, fiber #F; has a nonlinear coefficient ap-
proximately 1.05 times greater than '%, 2 to 3.5 times
greater than?’ and approximately 10 times greater
than that of publication!®. The F3 fiber also has a
nonlinear coefficient approximately 4 times greater
than?’.

proximately 1.6 times smaller than !, Although the

Moreover, the effective mode area is ap-

nonlinear coefficients of fibers #F, and #F3 are lower
than those of fibers®19 and!?, they have a much
lower confinement loss. These fibers with both all-
normal and anomalous dispersion properties are suit-
able for broadband SC generation in the mid-infrared
or infrared region to cover the molecular fingerprint
spectral region where distinctive vibrational absorp-
tion features are exploited to identify the different
molecules. The results of SC based on the #F; fiber
with a normal dispersion configuration can yield a
wide spectrum, high coherence, and low noise. This
approach is suitable for applications in the fields of op-
tical coherence tomography and remote sensing28.

ABBREVIATIONS

SC: Supercontinuum

MIR: Mid-infrared

IR: Infrared

PCFs: Photonic Crystal Fibers
ChG: Chalcogenide

ZDW: Zero dispersion wavelength
GVD: Group Velocity Dispersion
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