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A B S T R A C T

This work presents a numerical model of a photonic crystal fiber made up of chalcogenide glass 
for highly coherent supercontinuum generation in the mid-infrared spectral region. Numerical 
simulations based on the finite element method have been performed. An optical dispersion 
engineering technique has been adopted to minimize the dispersion effect at pump wavelength by 
alteration of geometrical parameters of designed fiber. We have selected two optimal structures 
from the simulation results to analyze the nonlinear characteristics and supercontinuum gener-
ation. The first fiber, #F1 with a lattice constant of 1.0 μm and a filling factor of 0.3 operates in 
all-normal dispersion, providing the spectrum SC in the range of 2.4 μm to 8.0 μm with a pump 
wavelength of 5.0 µm, pulse duration of 90 fs, and peak power of 6 kW. Meanwhile, fiber #F2 has 
anomalous dispersion regimes. With a peak power of 2 kW, this fiber produces a wide SCG with 
spectral ranges of 4.4–16 μm. The proposed structures are promising for applications in low-peak 
power all-fiber optical systems.

1. Introduction

Supercontinuum (SC) generation in nonlinear media originates from the interaction of ultrashort pulses and the dispersion and 
nonlinear effects, such as self-phase modulation (SPM), four-wave mixing (FWM), stimulated Raman scattering (SRS), soliton self- 
frequency shift, etc. [1–3]. It is a process in which narrowband pump pulses with high peak power are broadened continuously in 
the spectral domain. SC sources have been studied extensively in various nonlinear media (including solids, liquids, and gases) since 
1970 when it was first reported by Alfano et al. in BK7 glass pumped by a mode-locked Nd: glass laser [4].

SC sources with spatial coherence, broad bandwidth, and high brightness have received considerable attention due to their sig-
nificant potential in various applications, such as sensing [5–7], biomedical science [8], spectral tissue imaging [9,10], and optical 
coherence tomography [11,12]. Over the past two decades, many researchers have been devoted to extending the SC spectral range 
from visible and near-infrared (NIR) to ultraviolet and mid-infrared (MIR) and even far-infrared (FIR). In particular, the MIR spectral 
region is regarded as an important topic because most molecules exhibit fundamental vibrational absorption bands in this region [5,9, 
13], leaving distinctive spectral fingerprints critical for applications, such as biomedical science, sensing, and defense and security. 
However, SC sources generated in silica fibers are limited in the spectral evolution into MIR due to the absorption loss in silica 
increasing exponentially for wavelengths greater than 2.5 μm, thus SCG centered about 2.5 μm and beyond is not possible.
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A promising alternative using hollow-core fibers filled with liquids with a high nonlinear refractive index and high transparency for 
efficient SC generation has been investigated. Infiltration of high nonlinear refractive index liquids into the core improves photonic 
crystal fiber (PCF)’s nonlinear coefficient, which is beneficial for SCG efficiency. According to this method, nonlinear liquids were used 
to obtain a broad and coherent SC spectrum [14–27]. However, the use of liquid core fibers requires complex additional systems to 
contain and introduce liquid completely into the core during SCG measurement [18,28,29]. Therefore, the development of an SCG 
system that is entirely equal to the use of liquid-core fiber is still limited.

Another attractive approach for SCG is to use optical fibers made from soft glasses, such as flouride [30–34], telluride [35,36], and 
chalcogenide [37–41]. Among the soft glasses, Chalcogenide (ChG) glasses are compounds that contain at least one of the chalcogen 
elements (S, Se, Te) combined with the other elements such as Sb, Ge, As, Ga, etc. [36,37]. ChG glasses are of great interest due to the 
possibility of producing glass systems with large composition space and good resistance to crystallization which yield excellent optical 
properties such as high refractive indices, high Kerr nonlinearities, and broad transparency window extending from near-infrared to 
mid-infrared wavelengths [38,39]. Owing to these excellent optical properties, ChG glasses have been extensively employed in 
designing mid-infrared SC laser sources.

These beneficial features of ChG glass, combined with the high flexibility of PCF design, have been recently exploited with several 
numerical and experimental demonstrations of efficient mid-infrared and coherent SC sources, realized by pumping femtosecond laser 
pulses [40–47]. Shaw et al. experimentally demonstrated the broadening of the SC spectrum from 2.1 to 3.1 µm using a PCF in As2Se3 
chalcogenide glass [40]. Lanh et al. [41] achieved multi-octave SCG using As2Se3 chalcogenide PCF for input pulse at the wavelength 
of 3.5 µm. Mid-IR SC spectra, spanning 1.4–13.3 µm are reported by Petersen et al. using a chalcogenide step-index fiber [42]. A 
composite PCF of As2Se3 glass and tellurite is modeled by Liao et al. to get high nonlinearity at 1.55 µm [43]. An equiangular 
spiral-shaped PCF structure is theoretically presented by Saini et al. to generate the SC spectrum, spanning 1.2–15 µm [44]. Salem et al. 
conducted numerical investigations of a tapered As2S3 PCF design using a pulse energy of 100 pJ pumping at 4.7 µm for the generation 
of an ultra-broadband SC spectrum [45]. Numerical modeling of an As2Se3 rib waveguide is also reported by Saini et al. for SCG [46]. 
Using a Ge-Sb-S chalcogenide-based waveguide, nonlinear characterization is carried out by Choi et al. for the demonstration of the SC 
spectrum [47].

Almost all of the aforementioned analytical works employ the chalcogenide PCF with small core diameter for mid-IR SCG. The fact 
that the PCF has a small core with high confinement loss reduces the spectral broadening and brightness of the SCG at long wave-
lengths. Moreover, the small core fiber offers a low coupling efficiency of the light from the laser into the fiber core in SCG mea-
surement. Besides, the dispersion of previous works is still limited in terms of flatness in the long wavelength range, resulting in limited 
SCG performance.

To overcome those limitations, we have proposed a novel aquare lattice As2S3 chalcogenide photonic crystal fiber structure for an 
ultra-broadband supercontinuum generation in the mid-IR region. Optical properties of PCFs with various lattice constant Ʌ and filling 
factor d/Ʌ are numerically investigated in the mid-IR range. Chromatic dispersion and linear properties have been thoroughly 
analyzed by taking into account the effects of the lattice constant Ʌ and the filling factor d/Ʌ. The designed chalcogenide PCF exhibits a 
flat dispersion profile and high nonlinearity with a low effective mode area. Supercontinuum generation performed with optimized 
fibers demonstrates a greater bandwidth than previous works, achieved with low peak power.

The rest of this paper is organized as follows: In Section 2, we present the proposed microstructured PCF. Section 3 shows the 
optimization of the characteristic quantities. The extended SC spectrum is generated in optimized PCFs with lower peak power 
compared with the previous works described in Section 4. The paper concludes with Section 5.

Fig. 1. Geometrical structures of large solid core PCFs with square lattice and As2S3 substrate.
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2. Numerical modeling

Ansys Lumerical Mode software [48] was utilized to design new PCF structures with As2S3 substrates. The proposed PCF design can 
be fabricated by drilling method [49]. In Fig. 1, a cross-sectional view of the proposed design is shown. The PCF structures consist of 
seven air-hole rings arranged in a square lattice. As2S3 is a substrate material with a high nonlinear refractive index to produce the 
difference between core and cladding, n2 = 4.20 × 10− 18 m2/W [50]. The core diameter is determined by the formula Dc = 8Ʌ- d, 
where Ʌ and d are lattice constant and the diameter of the air holes, respectively. The PCF nonlinearity is controlled by d/Ʌ and is 
obtained by the finite element method. The filling factor d/Ʌ varies from 0.3 to 0.5. The selected lattice constants for the survey include 
Ʌ = 1.0 µm, Ʌ = 1.5 µm, Ʌ = 2.0 µm, and Ʌ = 2.5 µm. A perfect matching layer (PML) was added to keep the accuracy of the simulation 
results.

The dispersive properties of optical glasses are often modeled through the Sellmeier formula. Therefore, the frequency dependence 
of the As2S3 ChG glass refractive index is given by: 

n2(λ) = 1+
8.983λ2

λ2 − 0.0225μm2
+

1.9222λ2

λ2 − 0.0625μm2
+

0.8765λ2

λ2 − 0.1225μm2
(1) 

Where λ denotes the pump wavelength in micrometers. Fig. 2 shows the evolution against wavelengths of the As2S3 ChG glass 
refractive index.

3. Optimization of the characteristic quantities of PCF

We only present the fundamental mode dispersion. The chromatic dispersion (D) of a PCF includes both the material dispersion and 
the waveguide dispersion, which can be defined using the following equation [1]

D = −
λ
c

∂2Re
[
neff

]

∂λ2 . (2) 

where neff is the effective refractive index of a guided mode calculated using the FDE method, λ is the wavelength, and c is the velocity 
of light in a vacuum. Re[neff] is the real part of neff. The effective refractive index of the mode is given by neff = β[λ,nm(λ)]/k0, β is the 
propagation constant, k0 = 2π/λ is the free-space wave number, and nm = nm(λ)can be computed by the Sellmeier equations (Eq. 1).

Nonlinearity in the PCF is an important parameter for SC generation. In order to get accurate results, the nonlinear coefficient γ 
needs to be studied. The nonlinear parameter is defined as [1]: 

γ =
ω0

c

(
n2

Aeff

)

=
2π
λ

(
n2

Aeff

)

. (3) 

where,ω0is the frequency in free space, and n2 is the nonlinear index coefficient and has units of m2/W (As2S3 is estimated at 
4.20 × 10− 18 m2/W [50]). As a result,γhas units of W− 1/m. The effective mode area Aeff is the wavelength-dependent effective area of 
propagating fundamental mode in the PCF. Aeff is calculated using equation [1]: 

Fig. 2. Real parts of the refractive index of As2S3.
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Aeff =

( ∫∞
− ∞

∫∞
− ∞ |E(x, y)|2dxdy

)

∫∞
− ∞

∫∞
− ∞ |E(x, y)|4dxdy

2

(4) 

where E (x,y) is the electric field transverse distribution of the fundamental mode. Aeff depends on fiber parameters such as the core 
radius and the core-cladding index difference. Aeff has units of µm2.

Fig. 3 shows the dependence of dispersion characteristics on wavelength and the variation f of the PCF. These graphs show that the 
dispersion characteristics depend significantly on the diameter of the air holes and the lattice constant. PCF has a small-core diameter 
(Λ =1.0 μm), and dispersion characteristics are quite diverse with all-normal or anomalous dispersions with one and two zero- 
dispersion wavelengths (ZDW), and relatively large slopes (Fig. 3a). This is because with a smaller core, the dispersion of the 
waveguide is more obvious, and therefore the total dispersion curve changes more strongly. In the investigated wavelength region, all- 
normal dispersion is found when f = 0.3. In particular, we observe that the dispersion is flat and closest to the horizontal axis in the case 
of f = 0.3. The normal flat dispersion is very beneficial for the efficiency of SC generation in extending the output pulse.

Meanwhile, in PCFs with larger cores (Λ = 1.5 µm, Λ = 2.0 µm, Λ = 2.5 µm) (Fig. 3b-d), the all-normal dispersion characteristics 
disappear in the investigated wavelength region, leaving only anomalous dispersions with one or two ZDWs. Furthermore, for a given 
value of Ʌ (Ʌ > 1.0 µm), ZDW shifts towards longer wavelengths as the filling factor f is reduced. While, for some values of filling factor 
f, ZDW shifts towards shorter wavelengths as the Ʌ is reduced.

Since dispersion is one of the significant factors for the SCG, the fiber with flat dispersion allows for obtaining further broad SCG. 
Thus, the goal of optimization of dispersion herein is to show the fiber structures with flat near-zero dispersion shape, and the ZDW 
compatible with the pump wavelength. Relying on the preliminary simulation, three fibers with structure parameters as shown in 
Table 1 are selected to analyze the SCG because they have the flat near-zero dispersion in the mid-IR range. They are labeled as #F1 (Ʌ 
= 1.0 μm, d/Ʌ = 0.3), #F2 (Ʌ = 2.5 μm, d/Ʌ = 0.3). The fibers with Λ = 1.0 µm can offer flat all-normal dispersion, however, they have 
a smaller core diameter than that of #F2 fiber. The small core results in a high confinement loss at the long-wavelength range, and thus, 

Fig. 3. Characteristics of chromatic dispersion of the fundamental mode for PCFs with hexagonal lattice with (a) Ʌ = 1.0 µm, (b) Ʌ = 1.5 µm, (c) Ʌ 
= 2.0 µm, and (d) Ʌ = 2.5 µm.
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it reduces the spectral broadening and brightness of SCG in the long-wavelength range. #F1 fiber has a flat all-normal dispersion. The 
dispersion varies from − 40 to − 2.0 ps/nm/km in the wavelength range of 4–7 µm, and it is further flat in the longer wavelength range. 
At λ = 5.0 µm, the dispersion is − 2.3 ps/nm/km, Fig. 4. Thus, #F1 fiber is used for broad all-normal dispersion SCG. Meanwhile, #F2 
fiber has two ZDWs at 5.5 µm (ZDW1) and 16.2 µm (ZDW2). The maximum value of anomalous dispersion is 4.28 ps/nm/km at 
9.24 µm, Fig. 4. #F2 fiber is used for broad soliton-induced SCG. The dispersion of the #F2 at the pump wavelength is 4.18 ps/nm/km. 
The confinement loss characteristics (Lc) of the fundamental mode for #F1 and #F2 fibers are determined in Fig. 4(b). In the wave-
length region from 1.5 μm to 4.5 μm, there is not much difference in the value of both fibers. The confinement loss of #F1 fiber in-
creases suddenly when the wavelength is greater than 4.5 μm, while #F2 fiber has a lower confinement loss. In particular, the 
confinement loss of #F2 fiber is the lowest, this curve almost coincides with the horizontal axis in the range wavelength of 1.5 μm-6.0 
μm, from the wavelength of 6.0 μm onwards Lc gradually increases to a value greater than 1700 dB/m.

The effect of the wavelength change (λ) on the effective mode area (Aeff) of the proposed PCFs is shown in Fig. 5(a). The results from 
the figure show that the effective mode area of both fibers increases linearly with increasing wavelength. Because of the large core 
diameter, the effective mode area of #F2 is always larger than the other case. At the pump wavelength, the fibers #F1, #F2 have 
effective mode area values of 43.8 µm2 and 226.3 µm2, respectively. The nonlinear coefficient is inversely proportional to the effective 
mode area according to Eq. 6, so it tends to decrease linearly with an increase of wavelength, Fig. 5(b). The nonlinearity of the fiber #F1 
is always greater than #F2, and at the pump wavelength, the former has a nonlinear value of 120.4 W− 1.km− 1 while that of #F2 is 
12.3 W− 1.km− 1.

4. Supercontinuum generation in optimized PCFs

We performed a numerical simulation of SC generation for two proposed fibers #F1 and #F2. In the simulations. The laser pulses 
used in the simulation were modeled by Gaussian pulses centered at the pump wavelength with P0 as peak power, t0 as pulse duration, 
and displayed in Eq. 5 [1]. 

A(T) =
̅̅̅̅̅
P0

√
exp

(
− T2

2t2
0

)

(5) 

The nonlinear propagation process of the pump pulse in the PCF can be described by the Schrödinger equation (GNLSE) using the 
symmetry split-step Fourier transform method [1], which is given by the formula: 

∂zÃ − iβ̃(ω)Ã −
α̃(ω)

2
Ã = iγ

(

1+
ω − ω0

ω0

)

ÃF
[∫ ∞

− ∞
R(T́ )|A|2(T − T́ )dT́

]

. (6) 

where α is the loss coefficient andβ is the dispersion in the frequency domain of the optical fiber.
The response function, including the Raman and Kerr nonlinearities, is represented by: 

Table 1 
The structure parameters of proposed PCFs.

Parameter #F1 #F2

Lattice constant [µm] 1.0 2.5
Filling factor d/Ʌ 0.3 0.3
Core diameter Dc [µm] 7.7 19.7

Fig. 4. a) The dispersion characteristics and b) The confinement loss of the fundamental mode for #F1 and #F2 fiber.
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R
(
t́
)
=

(
1 − fR

)
δ
(
t́ − te

)
+ fRhR

(
t́
)

(7) 

where (τ1) and (τ2) are Raman duration and lifetime, fR and ℎR(t′) are respectively fractional contributions of the Raman response and 
Raman response function [32]

The Raman response function, hR is generally given by the following relation [1]: 

hR

(

t́
)

=
τ2

1 + τ2
2

τ1
exp

(
− t́
τ2

)

sin
(

−
t́
τ1

)

(8) 

where, fR is equal to 0.115 for As2S3 chalcogenide glass, and τ1 = 23.1 fs and τ2 = 1.95 fs are two adjustable parameters.
The higher-order dispersion shows its important influence as the input pulse’s center wavelength approaches ZDW and is computed 

through the development coefficients of the Taylor series around the center wavelength ω0, the expansion of the propagation constant 
(β) can be obtained by [56]: 

βn =
dnβ
dωn

⃒
⃒
⃒
⃒

ω=ω0

. (9) 

Where n = 2, 3, 4… is the dispersion coefficient. Table 2 shows the higher-order dispersion at the pump pulse frequency in numerical 
modeling.

In this section, we study in detail how dispersion and nonlinear properties can affect the generation of quality SC spectra for the 
proposed fibers #F1 and #F2. For #F1 fiber, the SC generation in the all-normal dispersion regime is pumped at 5.0 μm, the pulse 
duration is 90 fs, and the peak power varies from 1 kW to 6 kW (corresponding to input pulse energy from 0.09 nJ to 0.54 nJ). The 
pulse propagation length for the #F1 fiber is 10 cm. Meanwhile, #F2 fiber has anomalous dispersion regimes and the SC generation was 
analyzed with peak power ranging from 0.05 kW to 2 kW (corresponding to pulse energies from 0.01 nJ to 0.4 nJ, respectively) at a 
propagation length of 10 cm, and a pulse duration of 200 fs.

The spectral broadening in #F1 fiber is induced by self-phase modulation (SPM) followed by optical wave breaking (OWB) as a 
typical mechanism for all-normal dispersion spectral broadening. Fig. 6 depicts the spectral broadening according to various peak 
power in the 10 cm #F1 fiber sample. In the case of low input pulse energy, the SC spectrum is induced by SPM which is accompanied 
by an oscillatory structure covering the entire spectrum. The SPM-induced spectrum consists of many peaks and the outermost peak 

Fig. 5. a) The effective mode area and b) the nonlinear coefficient of the fundamental mode for #F1 and #F2 fiber.

Table 2 
The coefficients of high-order chromatic dispersion at the pump wavelength.

Coefficient #F1 #F2

β2 (ps2/m) 5.2×10− 2 − 1.18×10− 1

β3 (ps3/m) − 4.79×10− 4 9.28×10− 4

β4 (ps4/m) 1.33×10− 5 1.77×10− 6

β5 (ps5/m) − 7.69×10− 8 − 9.87×10− 8

β6 (ps6/m) − 1.55×10− 9 9.57×10− 10

β7 (ps7/m) − 6×10− 11 2.25×10− 11

β8 (ps8/m) 5.34×10− 12 − 5.64×10− 14

β9 (ps9/m) − 5.08×10− 14 − 3.78×10− 14

β10 (ps10/m) − 5.71×10− 15 1.01×10− 15

β11 (ps11/m) 2.36×10− 16 7.14×10− 18
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has the most intense, Fig. 6. With the further increase of the input peak power (higher than 1 kW), the center of the spectrum is induced 
by SPM, and then OBW contributes to the spectral broadening at the wings, Fig. 6. In the case of peak power of 6 kW, the SC spectrum 
spans in the wavelength range of 2.4–8.0 µm within 10 dB dynamics.

The fiber #F2 has two zero-dispersion wavelengths with ZDW1 at 5.5 µm and ZDW2 at 16.2 µm. The SC generation was analyzed 
with a pump wavelength of 9.5 μm and a pulse width of 200 fs with a fiber propagation length of 10 cm. The #F2 fiber has a pump 
wavelength in an anomalous dispersion regime so soliton dynamics, e.g. SF, SSFS will play an important role in the spectrum 
expansion. The solitons will shift further towards longer wavelengths if the process propagates further, which results in a very large 
extension of the received spectrum towards the red light region. Furthermore, through four-wave mixing the DW components are 
generated and lead to propagation without any frequency shift. The spectrum expansion with different peak powers is shown in Fig. 7. 
With peak power equal to 0.05 kW (input pulse energy 0.01 nJ), SPM plays a major role in spectrum expansion, so the resulting 
spectrum is small in this case. For peak power greater than 0.05 kW, soliton fission begins to appear and broadens the spectrum. As the 
peak power increases, the spectrum width increases. However, when the peak power is 2 kW (input pulse energy 0.4 nJ), the spectrum 
width is almost unchanged compared to the case where the peak power is 1.5 kW. This is explained by factors such as a high dispersion 
gradient in the short-wavelength range, low nonlinear coefficient, and high loss in the long-wavelength range. When the peak power is 
equal to 2 kW, the SCG has multi octave-spanning, from 4.4 µm to 16 µm within 10 dB dynamics, Fig. 7.

A comparison of the SC range in this work and previous studies is shown in Table 3. The proposed fibers offer the multi-octave 
spanning SCG with much lower input peak power when compared to previous works [51–55]. In the all-normal dispersion regime, 
#F1 fiber can achieve a larger bandwidth than the compared works but uses approximately the same peak power [52–54]. In 
particular, the fiber in Ref. [51] has a spectrum broadening from 1.05 μm to 5.05 μm with a peak power of 28.16 kW, while the 
proposed fiber #F1 has a spectrum broadening from 2.4 μm to 8.0 μm but uses a lower peak power of 4.7 times compared to the 
Ref. [51]. PCF with all-normal dispersion regime in Ref. [55] used a peak power of 10 kW and was 1.7 times larger than our work, but 
the obtained spectral range was 5 times smaller than that of fiber #F1. For the anomalous dispersion regime, the SC spectrum obtained 
in the #F2 fiber has a peak power 100 times lower and 3.6 times broader than in Ref. [55].

The low input peak power and large core give the proposed fibers a high potential for a compact all-fiber SCG system. The SCG in 
proposed fibers has a potential for high coherence. Thus, they are possible to use for applications in the mid-IR range, such as 
multimodal biophotonic imaging, and multibeam pump-probe techniques.

5. Conclusions

In this paper, we designed a novel photonic crystal fiber (PCF) using Chalcogenide glass. The characteristic properties of the square 
lattice PCF are controlled by varying the filling factor (d/Ʌ) and lattice constant (Ʌ). The proposed PCFs were selected from the 
preliminary fiber design with modification of the structural parameters. The two proposed fibers have flat dispersion, close to zero 
dispersion, low loss, and high nonlinear coefficient facilitating high-performance SCG generation with low input peak power.

The fiber #F1 operates in an all-normal dispersion regime, characterized by a lattice constant of 1.0 µm and a filling factor of 0.3. 
#F1 has flat dispersion, a small dispersion value of − 92.3 ps/nm/km, high nonlinear coefficient of 120.44 W− 1.km− 1 obtained at pump 
wavelength 5.0 µm. The dominant effect driving the SC spectrum expansion for #F1 fiber is SPM followed by OWB. The obtained SC 
spectrum extends from 2.4 µm to 8.0 µm with a low peak power of 6 kW of an ultrashort pulse propagating in a 10 cm long pass fiber.

Meanwhile, the #F2 fiber exhibits anomalous dispersion regimes. Soliton dynamics including SF, SSFS, and DW are the main effects 
that make the SC spectrum of #F2 much wider than that of #F1 fiber. With a low peak power of 2 kW and a pulse duration of 200 fs, the 

Fig. 6. The output spectra of fiber #F1 for various peak power using pump pulses with 5.0 µm wavelength and 90 fs duration.
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obtained #F2 SC spectrum is in the range from 4.4 µm to 16 µm within 10 dB propagating in a 10 cm long fiber.
The combination of low input peak power and large core in our proposed fibers presents a significant potential for a compact all- 

fiber SCG system. Additionally, the SCG achieved in these fibers demonstrates high coherence, further enhancing their suitability for 
various applications in the mid-IR range. These applications include but are not limited to multimodal biophotonic imaging and 
multibeam pump-probe techniques.
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