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ABSTRACT
In this paper, the dispersion and nonlinear properties of circular lattice photonic crystal fibers with
As2Se3 substrates are investigated over awidewavelength range up to 11 µm. By solvingMaxwell's
wave equations using the full-vector finite-difference eigenmodemethod, the optical properties of
the PCFs have been analyzed in detail and compared with recent studies. All-normal and anoma-
lous dispersions with small values, very high nonlinear coefficients, and very low confinement
losses have been achieved in comparisonwith the previous publications. The characteristic quanti-
ties of theproposedoptimal fiberswere obtained at thepumpwavelengthof 2.35 µmincluding flat
dispersion and as small as 1.069 ps/nm.km, non-linear coefficients as high as 62023.377W−1 .km−1 ,
and confinement losses as low as 10−21 dB/m, making them suitable for use in a broadband super-
continuum generation process with a low input power. These fibers are suitable low-cost all-fiber
laser sources that effectively replace the current glass fibers.
Key words: PCFs with As2Se3 substrates, small dispersion, very high nonlinear coefficient, low
confinement loss, supercontinuum generation

INTRODUCTION
In supercontinuum (SC) generation, photonic crys-
tal fibers (PCFs) are an excellent nonlinear medium
for the nonlinear interactions that occur when the
fiber is excited by an ultrashort pulse of laser light.
These input optical pulses undergo extreme nonlin-
ear spectral expansion to yield a spectrally continuous
white light output while passing through the PCFs 1.
This is the result of nonlinear interactions such as
self-phase modulation (SPM), optical wave break-
ing (OWB), cross-phase modulation (CPM), self-
steepening, four-wavemixing (FWM), stimulated Ra-
man scattering (SRS), and dispersion effects. These
effects are strongly dominated by the dispersions and
nonlinear properties of the PCFs.
In recent years, a large number of2–11 publications
on SC via silica-based PCFs have demonstrated the
ability of said PCFs to generate broad, flat, smooth,
and highly coherent SC spectra, which opens up a
wide range of applications such as telecommunica-
tions, optical metrology, optical coherence tomog-
raphy, biomedical imaging, biomedical sensor, non-
linear microscopy, cosmological studies, ultra-short
pulses, and frequency combs generation12–19. How-
ever, due to silica’s high matter absorption, the SC
spectrum has failed to extend beyond 2.5 µm and
has not extended to the mid-infrared (MIR) wave-
length range (2–20 µm). To enhance the SC spectrum

scalability, chalcogenide glasses have been proven
to be the most promising20 because they have high
optical transparency up to 25 µm in the MIR re-
gion21 and extensive linear and nonlinear refractive
indices22. Among the chalcogenide glasses compo-
sitions, As2Se3 exhibits optical transparency in the
range of 0.85–17.5 µm, and its attenuation coeffi-
cient is low (less than 1 cm−1)21. As2Se3 glass has a
high nonlinear refractive index, twice that of silica 23.
Therefore, many research groups have chosen As2Se3

as an excellent substrate to design and fabricate PCFs
and investigate the SC process. The work24 obtained
an all-normal, nearly zero flat-top dispersion with
a triangular-core photonic crystal fiber in As2Se3-
based chalcogenide glass. This optimum fiber gives
a nonlinear coefficient as high as 5449 W−1.km−1

with an effective mode area of 6.15 µm2 at 4.5 µm
pump wavelength and offers 0.3 dB/cm loss for the
propagating mode. By optimizing the structure pa-
rameters, the article25 also demonstrated the ability
to achieve high nonlinear coefficients for the PCFs up
to 2079 W−1.km−1 at a wavelength of 2 µm. The
confinement losses are still lower than 0.025×10−2

dB/cm. With a traditional hexagonal structure, the
publication26 showed that the nonlinear coefficient
for this PCF is 1610 W−1.km−1 with an effective
mode area of 6.59 µm2 where the dispersion value
is 19.92 ps/nm.km at the pump wavelength. When
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studying the process of SC generating a broad spec-
trum, the work by27 demonstrated that the “aver-
age loss in the wavelength range of 2.5–12.0 µm is
about 4×10−2 dB/cm” for the PCF consisting of an
As2Se3 core and As2Se3S cladding determined exper-
imentally. The diversity in dispersion properties of
As2Se3 PCF with a small hollow core are also demon-
strated by the work of28 with the anomalous disper-
sion of one zero dispersion wavelength (ZDW) and
two ZDWs. The dispersions are quite flat in the wave-
length range investigated, 1–10 µm. The confinement
losses of the PCFs are smaller than 10−2 dB/cm for
the wavelengths up to ~5 µm. With the proposed
two optimal fibers, the paper 29 has shown the disper-
sion and nonlinear properties that are beneficial for
the SC generation of As2Se3 solid core PCFs. With an
all-normal dispersion, the value changes “from –60 to
−1.7 ps/nm.km in the wavelength range of 3–4.6 µm,
and it is further flat in the longer wavelength range.
The maximum value of anomalous dispersion is 11.2
ps/nm.km at 5.7 µm”. A rather large nonlinear coeffi-
cient is also found in these PCFs with values ranging
from 695 to 2850 W−1.km−1 and effective mode ar-
eas varying from 11.5 to 50 µm2 respectively in the
wide wavelength region of 2–11 µm. A confinement
loss of a few dB/cm is also observed for these optimal
fibers.
In this work, we simulate As2Se3 solid-core PCFswith
a circular lattice and numerically investigate its op-
tical properties in the wide wavelength region from
2 to 11 µm. Diversity in dispersion with all-normal
and anomalous dispersions was obtained by vary-
ing the lattice parameters. At the same time, the
PCFs exhibit rather high nonlinearity with a nonlin-
ear coefficient of up to 62023.377 W−1.km−1 at the
pump wavelength. In particular, it is easy to control
the confinement loss with the variation of the filling
factor d/Λ resulting in a very small value of about
10−21 dB/m. These characteristic properties are well-
suited for generating broad-spectrum SCs in themid-
infrared (MIR) wavelength.

MATERIALS-METHODS
The As2Se3 solid-core PCFs are designed by Lumer-
ical Mode Solutions (LMS) software using the finite
difference eigenmode method. The cross-section of
the optical fiber is divided into small rectangular parts
to reduce the meshing error of the simulations. The
Maxwell wave equation is used to calculate the modes
of light propagating in an optical fiberwith the bound-
ary condition that the layers are perfectly matched.

This can reduce the loss, thereby increasing the accu-
racy of the structural simulation and optical proper-
ties of the fibers. To simulate these PCFs, first the co-
efficients of the refractive index of As2Se3 as a func-
tion of wavelength according to the Sellmeier equa-
tion30 (Equation (1)) are entered into the LMS ma-
terial database. Next, the circular lattice was selected
from the available data to design the initial geometry
for the PCFs, and the air was set up for parallel holes
along with the fiber. Finally, we carefully re-examine
the structural parameters and simulate the propaga-
tion of light along with the fiber.

n2 −1 =
2.234921λ 2

λ 2 −0.241642

+
0.347441λ 2

λ 2 −192 +
1.308575λ 2

λ 2 −4×0.241642

(1)

The circular lattice cross-section of the fiber is de-
picted as shown in Figure 1a. Eight layers of par-
allel air holes along the fiber length in the cladding
are cyclically arranged around a solid core of diame-
ter Dc. The small core is determined by the formula
Dc = 2Λ − d, which helps the electromagnetic field
be better confined in the core. The distance between
two adjacent air holes in the lattice constant Λ and
the diameter of each air hole is defined as d. We use
the filling factor d/Λ to investigate the variation of
dispersion and nonlinear properties with wavelength.
The selected parameters are Λ = 1.0; 1.5; 2.0; 2.5 µm,
while d/Λ varies from 0.3 to 0.8 with each step 0.5.
Figure 1b shows the well-confined light modes in the
cores of PCFs with Λ = 2.5 µm and d/Λ = 0.65. The
relationship between the real parts of the refractive
index of As2Se3 and the wavelength is shown in Fig-
ure 1c.

RESULTS
In SC generation using PCF, the optical properties
including the effective refractive index, dispersion,
effective mode area, nonlinear coefficient, and con-
finement loss play an important role in the SC spec-
trum expansion. Each feature will govern the spec-
tral expansion in its own way, so it will be diffi-
cult to optimize all properties of PCF simultaneously.
The larger the effective refractive index difference be-
tween the core and the cladding, the better the light
is confined in the core, resulting in a lower loss. The
real part of the effective refractive index (Re[ne f f ])
of PCFs is a function of wavelength as depicted in
Figure 2. The increase in wavelength causes the
Re[ne f f ] to decrease due to the stronger penetra-
tion of low-frequency modes into the cladding of the
PCFs. For each case where the lattice constant is

2582



Science & Technology Development Journal 2022, 25(4):2581-2593

Figure 1: The cross-section geometrical structure of the PCF; the air holes are arranged in a circle and parallel to
the core (a), the light is confined in the core of PCF with Λ = 2.5 µm and d/Λ =0.65 (b), and the real parts of the
refractive index n of As2Se3 depend on the wavelength (c).

Figure 2: The real part of the effective refractive index decreases with the increasing wavelength which is a func-
tion of d/Λ for various Λ,Λ = 1.0 µm (a), 1.5 µm (b), 2.0 µm (c), and 2.5 µm (d).
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fixed, Re[ne f f ] decreases as the filling factor d/Λ in-
creases. Meanwhile, Re[ne f f ] increases as the lattice
constant increases if d/Λ is fixed. The refractive index
of the medium’s material changes when a high-energy
input pulse passes through the nonlinear medium.
The interaction of the input pulse with the nonlinear
medium is stronger if the fiber has a smaller core, re-
sulting in a small Re[ne f f ]31.
The value of Re[ne f f ] at a pump wavelength of 3.0
µm is shown in Table 1. The maximum and mini-
mum values of Re[ne f f ] are 2.758 and 2.374 respec-
tively where structure Λ = 2.5 µm, d/Λ = 0.3, and Λ =
1.0 µm, d/Λ = 0.8.
The chromatic dispersion of an optical material is the
phenomenon where the phase velocity and group ve-
locity of light propagating in a nonlinear medium de-
pend on the optical frequency due to the interaction
of the light with the electrons of themedium. Flat dis-
persion in awidewavelength range, with small disper-
sion values, and a reasonable ZDWs shift are among
the desirable characteristics for efficient SC genera-
tion. The chromatic dispersion is calculated through
the second derivative of the effective refractive index
for wavelength, which is determined as follows32:

Dc =−λ
c

d2Re
[
ne f f

]
dλ 2

(2)

where Re[ne f f ] is the real part of ne f f which is the
effective index of a guided mode calculated by the
means of the Finite Difference Eigenmode (FDE)
method, and where c is the velocity of light in a vac-
uum.
Figure 3 displays the dependence of the dispersion on
the wavelength of the PCFs with the change in the lat-
tice constant Λ and filling factor d/Λ. It can be seen
that the PCFs have large lattice constants and that the
compatiblewavelength region is up to 11 µm. This is a
very favorable condition for the application of PCFs in
theMIRwavelength range. Diversity in the dispersion
properties is easily found in these PCFs, which mani-
fest in all-normal and anomalous dispersion regimes
with both one and two ZDWs.
For Λ = 1.0 µm, we obtained seven all-normal dis-
persion curves with d/Λ ≤ 0.6 and four anomalous
dispersion curves with two ZDWs where the d/Λ is
greater than 0.6. The anomalous dispersion curve
with d/Λ = 0.65 is the flattest and has a rather small
value of 1.069 ps/nm.km at the pump wavelength
of 2.35 µm. This value is much smaller than the
work24,26,29. Inwork29, #F1 has an all-normal disper-
sionwith a value varying from– 60 to− 1.7 ps/nm.km
in the wavelength range of 3 – 4.6 µm, which is 56
to 1.5 times the dispersion value of fiber Λ = 1.0 µm,

d/Λ = 0.65. In the wavelength region of 2.35 − 4.0
m, the values of the all-normal dispersion curve are
5 to 19 times smaller than in publication24 and 4
to 8 times smaller than in work26. The number of
all-normal and anomalous dispersion curves changes
as Λ and d/Λ change. In particular, the number of
all-normal dispersion curves decreases as Λ increases
which means that the number of anomalous disper-
sion curves increases. Furthermore, the ZDWs shift
towards the longwavelength, making the pumpwave-
length selection easier. For Λ = 2.5 µm, only two all-
normal dispersion curves are found. In this case, the
survey wavelength extended to 11 µm is very conve-
nient for the application of SC in the MIR region. At
the same time, the ZDWs of the PCFs in this case,
which is in the range of 4.939–8.005 µm, are very suit-
able when choosing the pumping wavelength in the
MIR region. The shifting of the ZDWs to the long
wavelength region is shown in Table 2.
The nonlinear effects that occur when the high-
intensity narrow pulse interacts with a nonlinear
medium such as PCF depends strongly on the disper-
sion properties of the PCFs, governing the SC spectral
expansion. Typically, PCFs have an all-normal dis-
persion and the SC spectrum is extended by the effect
of SPM followed by OWB. For PCFs with an anoma-
lous dispersion, the soliton effect plays a major role in
spectral broadening. Therefore, the dispersion diver-
sity of our PCF designs will guide the way that the SC
spectrum is generated.
For a nonlinear optical medium, the higher the non-
linear coefficient, the more beneficial it is to expand
the SC spectrum. Furthermore, the nonlinearity of
the medium also directly affects the input pulse peak
power. The nonlinearity of the environment is evalu-
ated through the nonlinear coefficient (γ). For PCFs,
it is expressed as a function of wavelength and can be
estimated by the formula 1:

γ (λ ) = 2π
n2

λAe f f
(3)

where n2 is the nonlinear refractive index of As2Se3,
n2 = 2.24×10−17 m2.W−1 33, and Ae f f is the effec-
tive mode area for the fundamental mode of the fiber.
It is also a nonlinear characteristic of PCFs. The ef-
fective mode area is the quantitative measure of the
area that a waveguide or fiber mode effectively cov-
ers in the transverse dimensions, and it is determined
through the transverse electric field over the cross-
section of the PCF1:

Ae f f =

(∫ ∞
−∞

∫ ∞
−∞ |E|2dxdy

)2∫ ∞
−∞

∫ ∞
−∞ |E|4dxdy

(4)
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Table 1: The real part of the effective refractive index at 3.0 µmwavelength of PCFs with various the d/Λ and Λ

d/Λ Re[neff]

Λ = 1.0 µm Λ = 1.5 µm Λ = 2.0 µm Λ = 2.5 µm

0.3 2.69 2.722 2.744 2.758

0.35 2.663 2.709 2.737 2.754

0.4 2.633 2.695 2.731 2.750

0.45 2.603 2.683 2.724 2.746

0.5 2.573 2.671 2.718 2.742

0.55 2.544 2.66 2.711 2.737

0.6 2.514 2.647 2.704 2.733

0.65 2.483 2.634 2.697 2.728

0.7 2.451 2.620 2.689 2.723

0.75 2.414 2.603 2.679 2.716

0.8 2.374 2.586 2.669 2.710

Figure 3: The chromatic dispersion of the PCFs varies with the wavelength for different values of d/Λ and Λ, with
Λ = 1.0 µm (a), 1.5 µm (b), 2.0 µm (c), and 2.5 µm (d).
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Table 2: The ZDWs of PCFs with various d/Λ and Λ

d/Λ Λ = 1.0 µm Λ = 1.5 µm Λ = 2.0 µm Λ = 2.5 µm

ZDWs1 ZDWs2 ZDWs1 ZDWs2 ZDWs1 ZDWs2 ZDWs1 ZDWs2

0.3

0.35

0.4

0.45 3.459 4.939

0.5 3.060 4.333 3.252 5.622

0.55 2.713 3.395 2.892 4.815 3.130 6.151

0.6 2.528 3.796 2.781 5.220 3.032 6.642

0.65 2.317 2.408 2.422 4.096 2.697 5.566 2.952 7.038

0.7 2.058 2.765 2.338 4.344 2.618 5.880 2.875 7.411

0.75 1.957 2.961 2.268 4.559 2.552 6.121 2.805 7.689

0.8 1.875 3.124 2.200 4.769 2.485 6.399 2.735 8.005

Figure 4: The nonlinear coefficient of PCFs with various d/Λ for the Λ = 1.0 µm (a), 1.5 µm (b), 2.0 µm (c), and 2.5
µm (d).
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Figure 5: The effective mode area of PCFs varies with wavelength for different values of d/Λ and Λ, with Λ = 1.0
µm (a), 1.5 µm (b), 2.0 µm (c), and 2.5 µm (d).

The relationship between the nonlinear coefficient, ef-
fective mode area, and wavelength are described in
the graphs in Figure 4 and Figure 5.
Thanks to highly nonlinear substrates such as As2Se3,
the PCFs exhibit high nonlinearity. Nonlinear coef-
ficients up to hundreds of thousands of W−1.km−1

are achieved in the short wavelength region for struc-
tures with small Λ (Λ = 1.0 µm). In all cases, the
nonlinear coefficient decreases in the longwavelength
region which equates to an increase in the effective
mode area since the two quantities are inversely pro-
portional. The cause of the reduction of the non-
linear coefficient at long wavelengths is due to the
low-frequency light modes easily leaking out of the
PCF cladding. Therefore, the choice of pump wave-
length in the SC study is necessary to obtain a suit-
ably high nonlinear coefficient at a given wavelength
value. When Λ is constant, the nonlinear coefficient
increases with the increase in d/Λ. The light confine-
ment of small core PCFs is better than that of large
cores, resulting in higher nonlinear coefficients.
The values of the nonlinearity coefficient and effective
mode area at a 3.0 µm wavelength are calculated and
presented in Tables 3 and 4. It can be seen that the

nonlinear coefficient varies in the range of 3698.75 to
68812.53 W−1.km−1. These values are much higher
than the values in some of the previous publications
on As2Se3-based PCF24–29. Nonlinear coefficients
of a few hundred W−1.km−1 to several thousand of
W−1.km−1 were found in these publications. Simi-
larly, the maximum and minimum effective mode ar-
eas are 60.381 and 1.162 µm2 for structures with Λ =
1.0 µm, d/Λ = 0.3, and Λ = 1.0 µm, d/Λ = 0.8 respec-
tively.
The very high and very small values of the nonlinear
coefficient and effective mode area are essential fac-
tors in the selection of optimal PCF structures, which
is beneficial when studying SC generation.
Confinement loss (Lc) is the loss arising from the
leaky nature of the modes and the non-perfect struc-
ture of the PCF fiber. For PCFs, the factors such as
wavelength, the number of hole rings, hole size, lat-
tice type, and lattice constant govern the value of the
confinement loss. This can be determined from the
imaginary part of the effective refractive index of the
PCF by34

Lc = 8.686
2π
λ

Im
[
ne f f (λ )

]
(5)
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Table 3: The values of nonlinear coefficients at 3.0 µmwavelength of PCFs with various d/Λ and Λ

d/Λ γ (W−1.km−1)

Λ = 1.0 µm Λ = 1.5 µm Λ = 2.0 µm Λ = 2.5 µm

0.3 1326.064 2715.213 3981.890 3698.750

0.35 2487.432 6741.244 6959.631 5584.340

0.4 5759.833 11954.672 9646.789 7119.574

0.45 12564.570 16497.341 11949.285 8484.345

0.5 21909.123 20664.465 13913.406 9663.513

0.55 31451.521 24085.371 15707.346 10754.182

0.6 40197.176 27235.001 17351.661 11824.578

0.65 48016.513 30274.301 19081.377 12956.791

0.7 55074.238 33207.383 20781.652 14083.392

0.75 61918.597 36446.197 22809.314 15475.677

0.8 68812.530 39754.817 24713.967 16749.932

Table 4: The values of effectivemode area at 3.0 µmwavelength of PCFs with various d/Λ and Λ

d/Λ Aeff (µm2)

Λ = 1.0 µm Λ = 1.5 µm Λ = 2.0 µm Λ = 2.5 µm

0.3 60.381 29.587 20.113 21.623

0.35 32.348 11.890 11.492 14.315

0.4 14.048 6.693 8.287 11.227

0.45 6.416 4.847 6.689 9.420

0.5 3.664 3.869 5.745 8.271

0.55 2.547 3.319 5.088 7.432

0.6 1.991 2.935 4.606 6.759

0.65 1.666 2.640 4.189 6.168

0.7 1.452 2.407 3.846 5.675

0.75 1.291 2.193 3.504 5.164

0.8 1.162 2.010 3.234 4.772

Figure 6 denotes the confinement loss characteristics
of the fundamental mode for PCFs. Lc increases with
increasing wavelength. The modes leaking out of the
core into the cladding or between the air holes causes
the value of confinement loss to increase in the long
wavelength region. In the case of a fixedΛ, the change
in d/Λ also changes the value of Lc. As d/Λ increases,
Lc decreases. However, in all cases, the value of con-
finement loss is very small when d/Λ is greater than
0.55. Table 5 indicates the value of Lc at 3.0 µm. The
structures Λ = 1.0 µm, d/Λ = 0.3 and Λ = 2.0 µm,
d/Λ = 0.8 give the maximum and minimum confine-
ment loss values of 3.97×103 and 6.3×10−21 dB/m

at 3.0 µm wavelength. Some of the previous publica-
tions24,28,29 have shown confinement as small as a few
dB/m, even a few tens of dB/m in the wavelength re-
gion from 2.0 to 5.0 µm, which is one of the favorable
conditions in which to generate a broad SC spectrum.
For PCFs with lattice constants greater than (Λ = 1.5,
2.0, 2.5 µm), the values of the confinement losses are
10−3 to 10−21 dB/m. These values are very small,
specifically much smaller than some of the previous
publications on As2Se3-based PCF 24–29.

2588



Science & Technology Development Journal 2022, 25(4):2581-2593

Figure 6: The confinement loss of PCFs varies according to wavelength for the different values of d/Λ and Λ with
Λ = 1.0 µm (a), 1.5 µm (b), 2.0 µm (c), and 2.5 µm (d).

Table 5: The values of confinement loss at 3.0 µmwavelength of PCFs with various d/Λ and Λ

d/Λ Lc (dB/m)

Λ = 1.0 µm Λ = 1.5 µm Λ = 2.0 µm Λ = 2.5 µm

0.3 3.97×103 1.88×102 4.000×100 2.102×10−1

0.35 1.91×103 8.98×100 5.019×10−2 1.397×10−3

0.4 5.70×102 1.65×10−1 4.337×10−4 9.309×10−6

0.45 5.28×101 1.86×10−3 2.557×10−6 4.736×10−8

0.5 2.84×100 1.42×10−5 1.157×10−8 1.748×10−10

0.55 8.07×10−2 7.97×10−8 3.821×10−11 3.743×10−13

0.6 1.69×10−3 3.72×10−10 9.998×10−14 6.165×10−16

0.65 3.29×10−5 1.53×10−12 1.737×10−3 3.758×10−19

0.7 5.44×10−7 3.86×10−15 –4.468×10−19 5.943×10−19

0.75 9.77×10−9 6.72×10−18 –7.630×10−19 –6.542×10−19

0.8 2.35×10−10 –2.94×10−18 –6.300×10−21 –4.209×10−19
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DISCUSSION
Typically, PCFs possessing a flat all-normal disper-
sion will have advantages in terms of widening the
SC spectrum which is smooth and highly coherent.
However, the input peak power will be quite high.
In contrast, PCF has an anomalous dispersion, en-
abling a broader SC spectrum. Although the input
peak power is low, the spectrum is noisy. The occur-
rence of nonlinear effects when the ultra-short pulse
propagates in a nonlinear medium strongly depends
on the different dispersion regime of the PCF. De-
pending on the actual application, this means that we
can choose the optimal structures with a flat disper-
sion that are suitable for SC generation. Furthermore,
nonlinear properties such as the nonlinear coefficient,
effective mode area, and confinement loss also con-
tribute to the SC spectral generation efficiency by gen-
erating new wavelengths. The nonlinear coefficient is
also the necessary key affecting the magnitude of the
input peak power. Using small peak power to gener-
ate a broad SC spectrum is also the target of SC re-
search groups. Based on the numerical analysis of the
optical properties of As2Se3-based PCFs in the above
sections, we chose three structures with a reasonable
flat dispersion, small dispersion, and nonlinear prop-
erties suitable for use in SC generation application.
We named the first structure Λ = 1.0 µm, d/Λ = 0.65
as #F1, the second structure Λ = 2.5 µm, d/Λ = 0.4 as
#F2, and the third structure Λ = 2.5 µm, d/Λ = 0.45 as
#F3. The dispersion and nonlinear properties of the
three optimal structures are presented in Figure 7.
(a) the all-normal and anomalous dispersion as a
function of wavelength; the inset shows a partial dis-
persion curve with values of 1.069, –4.286, and 1.719
ps/nm.km at the corresponding pump wavelengths of
2.35, 4.0, and 3.5 µm.
(b) the nonlinear coefficient decreases with the in-
creasing wavelength; the inset shows a partial nonlin-
ear coefficient curve with values 62023.377, 5810.594,
and 7932.324W−1.km−1 at the corresponding pump
wavelengths of 2.35, 4.0, and 3.5 µm.
(c) the effective mode area increases with the increas-
ingwavelength; the inset shows a partial nonlinear co-
efficient curve with values 1.289, 13.766, and 10.077
µm2at the corresponding pump wavelengths of 2.35,
4.0, and 3.5 µm.
(d) the confinement loss increases with the increasing
wavelength; the inset shows a partial nonlinear coeffi-
cient curvewith values 6.767×10−10, 1.21×10−3, and
6.38×10−7 dB/m at the corresponding pump wave-
lengths of 2.35, 4.0, and 3.5 µm.
The values of the characteristic quantities of the three
optimal structures are shown in Table 6. #F1 fiber

has an anomalous dispersion with two ZDWs. The
dispersion value is quite small at a 2.35 µm pump
wavelength of 1.069 ps/nm.km. The #F3 fiber also
exhibits an anomalous dispersion mode but has one
ZDW, where a rather small dispersion value of 1.719
ps/nm.km is found at the pumpwavelength of 3.5 µm.
These two fibers are expected to generate a wide SC
spectrumwith small peak power because of their high
nonlinearity and very small confinement loss. The
nonlinear coefficients of the two fibers at the pump
wavelength are 62023.377 and 7932.324 W−1.km−1,
respectively. The Lc value of the two fibers #F1 and
#F3 is very small, about 10−10 and 10−7 dB/m. The
#F2 fiber has an all-normal dispersion mode which
will enable SC with a board spectrum that is smooth
and with high coherence. The pump wavelength cho-
sen is 4.0 µm which is quite ideal for SC generation
in the MIR region. The dispersion magnitude is 4.286
ps/nm.km, which is larger than that of the two fibers
#F1 and #F3. With the largest core diameter of the
three fibers, #F2 possesses the lowest nonlinear coef-
ficient and the largest confinement loss.
With small dispersion values, a high nonlinear co-
efficient, and low confinement loss in comparison
with the previous papers on SC generation based
on As2Se3-based PCFs 24–29,33, the proposed optimal
fibers are expected to produce a broad and highly co-
herent SC spectrum through typical nonlinear effects.
It should be noted that it is difficult to simultaneously
optimize the characteristic quantities of PCF, depend-
ing on the different application purposes used to se-
lect suitable PCFs.

CONCLUSIONS
We have designed forty-four As2Se3-based circular
lattice PCFs, and their optical properties include the
effective refractive index, dispersion, non-linear co-
efficient, effective mode area, and confinement loss,
all of which were investigated numerically in detail.
The all-normal and anomalous dispersions with one
and two ZDWs were found to be flat and of a small
value consistent with SC generation. Having a very
high nonlinear coefficient and very small confinement
loss compared to other publications are the outstand-
ing advantages of this work. We have also proposed
three optimal structures including Λ = 1.0 µm, d/Λ =
0.65, Λ = 2.5 µm, d/Λ = 0.4, and Λ = 2.5 µm, d/Λ
= 0.45 with small dispersions, high nonlinear coef-
ficients, and small confinement losses, all of which
are very suitable for SC generation. These optimized
structures can be used in low-cost all-fiber laser sys-
tems.
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Figure 7: The optical properties of the three proposed optimal structures: #F1 (Λ =1.0 µm, d1/Λ = 0.65), #F2 (Λ =
2.5 µm, d1/Λ = 0.4), and #F3 (Λ = 2.5 µm, d1/Λ = 0.45).

Table 6: The lattice parameters and the nonlinear characteristic values at the pumpwavelength of three
proposed PCFs

# Dc Λ d1/Λ Pump
wavelength

Re[ne f f ] Ae f f γ D Lc

(µm) (µm) (µm) (µm2) (W−1.km−1) (ps/nm.km) (dB/m)

#F1 1.35 1.0 0.65 2.35 2.593 1.289 62023.377 1.069 6.767×10−10

#F2 4 2.5 0.4 4.0 2.717 13.766 5810.594 –4.286 1.21×10−3

#F3 3.875 2.5 0.45 3.5 2.728 10.077 7932.324 1.719 6.38×10−7

ABBREVIATIONS
SC: Supercontinuum
PCFs: Photonic Crystal Fibers
SPM: Self-Phase Modulation
OWB: Optical Wave Breaking
CPM: Cross-Phase Modulation
FWM: Four-Wave Mixing
SRS: stimulated Raman scattering
MIR: Mid-Infrared
ZDW: Zero Dispersion Wavelength
LMS: Lumerical Mode Solutions
FDE: Finite Difference Eigenmode
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