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A B S T R A C T   

Chalcogenide fibers have attracted much attention for multi-octave spanning supercontinuum generation in the 
mid-infrared range. However, readily optimizing the dispersion characteristics as well as other mode properties 
is still problematic because it is difficult to fabricate chalcogenide fibers with sophisticated structures. In this 
work, we numerically investigate the liquid infiltration as a post-processing method to optimize the dispersion 
shapes, so that the nonlinear dynamics and spectro-temporal properties of supercontinuum generation are 
efficiently controlled. In particular, water, carbon disulfide (CS2), carbon tetrachloride (CCl4), and bromoform 
(CHBr3) are selected to fill into all cladding air holes of As38Se62 fibers for dispersion engineering. By pumping a 
femtosecond laser at 4.5 μm, pulse duration of 250 fs, and pulse energy of 0.1 nJ (peak power of 0.4 kW), the 
unfilled and CCl4-filled fibers provide soliton-induced supercontinuum generation with a spectral bandwidth of 
2.5–6.5 μm and 2.0–5.5 μm, respectively. Whilst, CHBr3-filled fiber offers all-normal dispersion supercontinuum 
generation with high coherence and spectral bandwidth of 2.2–5.2 μm. In contrast, unfortunately, CS2 and water- 
filled fibers have complex dispersion shapes and provide narrow bandwidth supercontinua. We also thoroughly 
numerically investigate the tapered fibers, which assure both high coupling efficiency with laser sources and high 
nonlinearity, for broad mid-infrared supercontinuum generation. The results point out that liquid-filled tapered 
fibers can provide both anomalous and all-normal dispersion SC generation with an octave-spanning bandwidth 
via the same value of input peak power (0.4 kW). With a large core diameter (12 μm) at the input and output 
fiber ends, the tapered fibers have a potential to couple with high-power laser pulses without fiber damage, 
therefore, they can provide supercontinuum spectra with broad bandwidth and high spectral power density for 
practical applications in sensing, gas detection, and LIDAR.   

1. Introduction 

Supercontinuum (SC) generation in an optical fiber is a temporal and 
spectral broadening of high-power laser pulses via simultaneous 
dispersion and nonlinearity effects [1]. For a few decades, development 
of fiber materials and fiber configuration brings about SC generation 
with broad spectral bandwidth from ultra-violet (UV) up to the 
mid-infrared (mid-IR) range with high average output power [2]. 
Nowadays, fiber-based SC sources have been widely applied in inter-
disciplinary fields such as optical coherence tomography [3], multi-
photon spectroscopy [4,5], and optical frequency metrology [6]. Among 

the fiber materials, silica has high transparency, high purity, and 
easy-to-handle for fiber fabrication by using a conventional 
stack-and-draw method. However, silica fibers only offer SC generation 
in UV (around 0.37 μm) [7], visible [8], and near-IR ranges (wavelength 
below 2.4 μm). High attenuation of silica in the mid-IR range limits 
spectral broadening with longer wavelengths (λ > 2.4 μm). Because of 
this, non-silica-based optical fibers have attracted much attention for 
light guidance and SC generation in the infrared wavelength region. For 
example, hollow-core fibers infiltrated with gases and liquids (as light 
guidance media) have been used for broad SC generation from 
vacuum-UV up to 4 μm [9–12]. The drawbacks of these fibers are 
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complicated schemes of experimental setups by using gas or liquid res-
ervoirs, and low coupling efficiency with high power delivery fibers (i.e., 
large mode area solid core fibers [13]) for a compact all-fiber SC system. 
Gas-filled fibers typically have large effective mode areas, and they 
require very high input power broadband SC generation [9]. Moreover, 
the stability of output SC spectra from gas and liquid-core fiber over a 
long time (a few hours) is still questionable [14]. 

Solid-core fibers made from soft glasses, such as heavy metal oxide 
glasses [15,16], tellurite (TeO2-based glass) [17], and chalcogenide 
[18] have attracted much attention for multi-octave spanning SC gen-
eration in visible and IR range. These soft-glass fibers typically have high 
nonlinearity, and most importantly, high transparency in the mid-IR 
range [18]. Among the soft glasses, chalcogenide glasses are excellent 
platforms for SC applications due to their wider transmission window, 
and hundred times larger nonlinearity compared to that of silica. 
Recently, a few kinds of chalcogenide glasses (e.g., As2S3, As2Se3, 
GeAsSe, and GeAsTeSe) and fiber structures have been developed for 
mid-IR SC generation with spectral bandwidth up to 18 μm [2,18,19]. 
The mid-IR SC generation has played an important role in numerous 
applications, such as gas detection [20], mid-infrared spectroscopy [21], 
and multispectral photoacoustic microscopy [22]. 

It is worth noting that nonlinear dynamics for SC generation depend 
on the mode properties (e.g., group velocity dispersion) [1]. For 
example, fibers with flat near-zero dispersion can offer broadband SC 
generation because a phase-matching condition is conserved over the 
long wavelength range. Fibers with normal dispersion provide SC gen-
eration induced by self-phase modulation (SPM) and optical wave 
breaking (OWB) with a flat-top spectrum, and high shot-to-shot coher-
ence. Fibers with anomalous dispersion provide soliton-induced SC 
generation with a broad spectral bandwidth, complex spectrogram, and 
low coherence [1]. In the other words, modification of dispersion 
characteristics enables to tailoring of spectro-temporal properties of SC 
generation. For optical fibers, the dispersion depends on the material 
and fiber structure. In general, the fiber dispersion is significantly 
controlled by changing fiber parameters, such as core diameter and 
cladding photonic structure. However, fiber fabrication from the chal-
cogenide glasses is still a challenge because of crystallization, and high 
sensitivity of glass viscosity to temperature [18]. This difficulty restricts 
fabricating a fiber with a sophisticated structure for optimizing disper-
sion characteristics. Most previous works have considered step-index 
chalcogenide fibers because of straightforward fiber fabrication, but 
step-index fibers exhibit limitations of dispersion engineering [18,19, 
23]. The complex fiber structure may suffer a further fast aging process 
leading to an increase in fiber attenuation via the absorption of e.g., OH 
and Se–H group [24,25]. Recently, only a few works have investigated 
hybrid microstructured chalcogenide fibers for all-normal dispersion 
(ANDi) SC generation [26], and polarization-maintaining SC generation 
[27,28]. 

An interesting method to optimize the dispersion and mode prop-
erties of microstructured fibers for SC generation is to fill a selected 
liquid into air holes in the cladding region. In such a case, the selected 
liquids typically have lower refractive indices than the host glasses, and 
thus, the filled-liquid fibers still assure light guidance by total internal 
reflection (TIR). However, the refractive index profile of the cladding is 
modified, resulting in the adaptation of dispersion shape and effective 
mode area for SC generation. Relying upon this concept, Canh et al., 
have shifted the dispersion shape of a suspended core silica fiber from 
anomalous to the normal regime by water infiltration for ANDi SC 
generation with a spectral bandwidth of 0.43–1.33 μm [8]. Le et al., 
have optimized dispersion characteristics of the lead-bismuth-gallate 
glass solid-core photonic crystal fiber by filling carbon tetrachloride 
into the cladding air-holes for ANDi SC generation in the wavelength 
range of 0.93–2.5 μm [16]. The work reported in Ref. [29] presents 
dispersion engineering of As2Se3 suspended core fiber infiltrated with 
liquids. However, this work only considers the dispersion in a narrow 
wavelength range from 2.0 μm to 3.0 μm, while the SC generation in 

chalcogenide fibers typically broadens to much longer wavelengths (e. 
g., up to 13 μm [29]). It is also to note that refractive index curves of 
liquids in the mid-IR range are not smooth, meaning that these curves 
may suddenly change via stretching and bending modes of liquid mol-
ecules, resulting in complex shapes of the fiber dispersion and restriction 
of spectral broadening. These features should be thoroughly 
investigated. 

In this work, we numerically study microstructured chalcogenide 
fibers infiltrated with liquids for SC generation. Our results point out 
that it is possible to optimize the dispersion characteristics of the fibers 
by filling the selected liquids into cladding air holes. The dispersion can 
be shifted from anomalous to a normal regime for ANDi SC generation. 
The linear properties of liquid-filled fibers are meticulously investigated 
by using the finite-difference method. Next, nonlinear propagation in 
the selected fibers is numerically simulated by using the split-step 
method with a femtosecond laser as a pump source. Tapered chalco-
genide fibers infiltrated with liquids, which assure high coupling effi-
ciency with laser sources and high nonlinearity for spectral broadening, 
are also thoroughly investigated for both anomalous and ANDi broad SC 
generation. 

2. Linear properties of liquid-filled chalcogenide fiber 

The fiber structure consists of a solid core surrounded by three rings 
of cladding air holes, as shown in Fig. 1 (a). It is noted that dispersion of 
photonic crystal fibers significantly depends on the geometrical pa-
rameters of inner cladding rings (i.e., the first and second rings from the 
core). An increase in the number of cladding rings only slightly reduces 
the confinement loss, and it does not noticeably change the dispersion 
characteristics. 

The fiber is made from As38Se62 chalcogenide glass. We consider this 
glass for the developed fibers because it provides high feasibility to 
fabricate microstructured fibers with cladding air-holes, and the cross- 
section of the fiber can be scaled down by using a tapered process 
[28]. It is worth mentioning that most previous works consider micro-
structured chalcogenide fibers made from two or three kinds of glasses 
with their compatible thermo-mechanical properties for fiber drawing. 
In such fibers, cladding holes are drawn from a glass with lower 
refractive indices than the host [26,27]; thus, there is no place for liquid 
infiltration. 

We assume that all cladding holes have the same diameter and that 
the investigated fibers do not exhibit high birefringence. The geomet-
rical parameters of fiber include lattice pitch (Λ), diameter of cladding 
holes (d), the air hole diameter to the pitch ratio (d/Λ), and core 
diameter dcore = 2Λ-d, see Fig. 1 (a). 

Refractive index and attenuation of As38Se62 glass are extracted in 
Ref. [28] and shown in Fig. 1 (b). Refractive index is in the range of 
2.75–2.8, and higher than refractive indices of the selected liquids, as-
suring light guidance by TIR in the investigated fibers. As38Se62 glass has 
low attenuation in the wavelength range of 2.0 μm–9.5 μm, and a peak of 
attenuation at 4.56 μm due to the presence of Se–H chemical bonds. 

In this work, we select carbon disulfide (CS2), carbon tetrachloride 
(CCl4), bromoform (CHBr3), and water to fill into all cladding air holes 
for dispersion engineering. These liquids have clear data of refractive 
index and attenuation in the mid-IR range (e.g., from 1.0 μm to 9.0 μm) 
[11,30–33]. CS2 and CCl4 have high transparency in the mid-IR range in 
comparison with other liquids [30–32], this future allows for a signifi-
cant decrease in fiber loss (leakage light in the cladding region absorbed 
by the liquids). Water is non-flammable and non-toxic. Its evaporation 
rate is lower than for popular solvents used in optofluidic. CHBr3 has a 
flat curve of refractive index in the wavelength range of 1.0–8.0 μm 
[31], and attenuation in the mid-IR range is also low. 

The selected liquids have variations of refractive index curves at 
some wavelengths related to the stretching and bending mode of the 
liquid molecules, see Fig. 1 (c). For example, CS2 has a variation of 
refractive index curve in the range of 6.4–6.9 μm, water has two 
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variations around 2.8–3.15 μm and 5.9–6.2 μm, and CHBr3 has two 
variations around 3.3 μm and 8.8 μm. The refractive index curve of CCl4 
does not show any variation in the investigated wavelength range. The 
attenuation of the selected liquids is shown in Fig. 1 (d, e). The liquids 
with high attenuation, such as water, strongly absorb the leakage light in 
the cladding region, resulting in an increase in fiber loss. 

It is possible to fabricate microstructured As38Se62 fiber with small 
values of Λ and d by using a sack-and-draw method in combination with 
a tapered process. For example, highly birefringent microstructured fi-
bers with Λ = 1.7 μm and d/Λ ≈ 0.5 are fabricated by the stack-and-draw 
method for mid-IR SC generation [28]. Therefore, in this work, we nu-
merical analysis of dispersion characteristics of microstructured fibers 
with Λ = 1.5–5 μm, and d/Λ = 0.5. In fact, the values of the ratio d/Λ can 
be modified by changing gas pressure (e.g., helium) inside the enclosure 
during the fiber drawing process [28]. Holley core microstructured fi-
bers offer endless single-mode operation with d/Λ < 0.42 [34]. The 
single-mode guidance also depends on wavelength, d/Λ, and λ/Λ. In the 
mid-IR range, a microstructured fiber with factor d/Λ = 0.5 offers 
single-mode guidance, meaning that only the fundamental mode can be 
excited and/or high-order modes quickly disappear from the onset of the 
nonlinear propagation via their high confinement loss [34]. The small 
values of the ratio d/Λ lead to an increase in confinement loss and 
effective mode area, so the nonlinear effects for spectral broadening are 
strongly decreased. Large values of the ratio d/Λ require high pressure of 
helium gas inside the enclosure during the fiber fabrication, leading to 
difficulties in the fiber drawing process and non-uniform cladding 
air-holes. 

The chalcogenide fibers with submicrometer of cladding air holes (e. 
g., Λ = 1.5–3 μm) are difficult to fabricate because of the sensitivity of 
glass viscosity to temperature [18]. However, the proposed fibers can be 
fabricated by using the tapered process as presented in Ref. [28]. Such a 
method includes three steps (i) fiber with a large lattice pitch (e.g., Λ ≈ 7 
μm): is drawn by fiber tower at 340 ◦C temperature of the furnace [28]; 

(ii) the fabricated fiber is subsequently tapered down by using the same 
fiber tower, allowing scale down a fiber with Λ ≈ 7 μm up to Λ = 1.7 μm. 
The ratio d/Λ is not significantly changed during the tapered process 
[28], but the lattice pitch of the waist part can be adapted by changing 
the speed and time of the stretching-out process; (iii) the untapered and 
tapered transition parts are cut off and only the waist part is used for SC 
generation. 

The liquid infiltration into the cladding air holes can be implemented 
using microfluidic pump systems [16,35–38]. In such a system, the end 
of the fiber is embedded inside a liquid reservoir, and subsequently, the 
liquid is filled fully into all cladding air holes by capillary action and/or 
pressure from the microfluidic pump. The small cladding air holes need 
a long time for liquid infiltration. However, the use of short fiber sam-
ples (e.g., 10 cm) and pressure from the liquid pump system assures that 
the selected liquid is fully infiltrated into submicrometer cladding air 
holes as previously presented in Ref. [16]. 

The microstructured fibers with Λ = 1.5–5 μm support single-mode 
operation in the mid-IR range. In fact, a large-core unfilled fiber (e.g., 
Λ = 5) can provide two modes at a wavelength of 4.5 μm (a pump 
wavelength for SC generation as discussed in the below sections). 
However, fortunately, the fiber losses are 0.9 dB/m and 250 dB/m for 
the fundamental mode (LP01) and the first high order mode (LP11), 
respectively. For a given value of ratio d/Λ (e.g., d/Λ = 0.5), when the 
value of the lattice pitch is decreased and/or the fiber is filled with 
liquids, the loss of the high-order mode exponentially increases, leading 
to the quick disappearance of the high-order mode from the onset of 
propagation. Therefore, we consider the optical properties of the only 
fundamental mode in the below section. 

Dispersion shapes of the fundamental mode (LP01) in the liquid-filled 
fibers with various values of lattice pitch are shown in Fig. 2. There are a 
few noticeable features to point out: (i) all unfilled fibers do not have all- 
normal dispersion, meaning that unfilled fibers do not offer ANDi SC 
generation. All normal dispersion is only obtained by liquid infiltration 

Fig. 1. (a) Schemes of the chalcogenide photonic crystal fiber infiltrated with liquid, (b) refractive index and attenuation of As38Se62 glass [28], (c) refractive index 
of the selected liquids in the mid-IR range [11,30,31], (d) attenuation of water and CHBr3 [30,33], (e) attenuation of CS2 and CCl4 [32]. 
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into the fibers with small values of lattice pitch (i.e., Λ = 1.5–2 μm), see 
Fig. 2(a–c). (ii) dispersion shapes depend on the refractive index profiles 
of the liquids. For example, dispersion shapes of CS2 and water-filled 
fibers have complex variations around 6.5 μm and 3 μm because of 
the variation of refractive index curves. (iii) dispersion engineering by 
liquid infiltration is efficient only for small core fibers (i.e., a small value 
of lattice pitch). For large core fibers, a large part of the input light is 
guided in the core, and the fiber dispersion follows the material 
dispersion of As38Se62. 

Based on the preliminary analysis of dispersion characteristics, the 
fibers with lattice pitch Λ = 2 μm (dcore = 3 μm) are selected for both 
ANDi and anomalous dispersion SC generation. The proposed fiber 

infiltrated with CHBr3 has zero-dispersion wavelengths (ZDWs) at 8 μm, 
and it can offer ANDi SC generation with a pump wavelength of 4.5 μm. 
Whilst, the unfilled and CCl4-filled fibers have anomalous dispersion in 
the wavelength range of 3–5 μm, and they are used for soliton-induced 
SC generation with a broad spectral bandwidth, see Fig. 2 (c). With the 
same fiber structure, unfortunately, the fibers with large cores (Λ > 2 
μm) do not have all-normal dispersion in the investigated wavelength, 
thus they are not an appropriate choice for ANDi SC generation, see 
Fig. 2(a–f). The fiber with a smaller core (i.e., Λ = 1.5 and 1.7 μm) also 
can support both ANDi and anomalous dispersion SC generation, see 
Fig. 2 (a, b). However, the small core fiber has high confinement loss in 
the long wavelength range, resulting in a significant reduction of 

Fig. 2. Dispersion characteristics of As38Se62 microstructured fibers infiltrated with the selected liquids. (a) fibers with Λ = 1.5 μm, (b) Λ = 1.7 μm, (c) Λ = 2.0 μm, 
(d) Λ = 3.0 μm, (e) Λ = 4.0 μm, (f) Λ = 5.0 μm. The ratio d/Λ = 0.5 for all considered fibers. 

Fig. 3. (a) effective mode areas and (b) loss of the unfilled and liquid-filled fibers. The fiber has Λ = 2 μm and dcore = 3 μm. The dashed lines show interpolation 
values, the fiber loss in accordingly wavelength ranges is not directly calculated because of the lack of data on CS2 and CCl4 absorptance in these wavelength ranges 
in Ref. [32]. 
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intensities at the leading edge of the spectrum. Moreover, if the exper-
imental setup is considered, the small core fiber has a low coupling ef-
ficiency with a laser pump. 

Effective mode area and loss of the proposed fiber infiltrated with 
liquids are presented in Fig. 3. Liquid infiltration results in an increase in 
the average refractive index of the cladding region. Consequently, the 
effective mode area of liquid-filled fibers is higher than unfilled fiber. 
CS2 has a high refractive index at a wavelength of 6.5 μm, leading to a 
very large effective mode area at this wavelength, see Fig. 3 (a). In 
addition, liquid infiltration also gives rise the fiber loss because of ma-
terial absorption. Especially, the water-filled fiber has extremely high 
loss in the investigated wavelengths (up to 5 × 103 dB/m) via strong 
absorption of water, and thus, this fiber is not suitable for SC generation. 
CHBr3-filled fiber has two high peaks of attenuation at 3.3 μm (330 dB/ 
m) and 4.4 μm (140 dB/m), see Fig. 3 (b). However, if short fiber 
samples (a few centimeters) are used for SC generation, the effect of fiber 
loss on spectral broadening can be substantially reduced. 

3. SC generation in the proposed fibers 

SC generation in the proposed fibers is numerically simulated by 
solving the general nonlinear Schrodinger equation (GNLSE) as given in 
Eq. (1): 

∂A
∂z

+
α
2

A −
∑

k≥2

ik+1

k!
βk

∂kA
∂Tk = iγ

(

1+ iτshock
∂

∂T

)

×

{

(1 − fR)|A|2A+ fRA

×

∫

h(T − T
′

)|A(T − T
′

)|
2dT

′

}

(1)  

where A(z,T) is amplitude function of input pulse, α is the loss, βk is 
group velocity dispersion and γ is nonlinear coefficient. T is the retarded 
time frame comoving with A given by T=t-zβ1. The model includes linear 
effects (dispersion and loss - shown on the left-hand side of the equation) 
and nonlinearity (on the right-hand side). In the numerical model, an 
initial broadband noise (i.e. one photon with random phase per spectral 
mode) is taken into account [39]. τshock = 1/ω0 is the shock time 
regarding the self-steepening effect. Nonlinear coefficient γ is deter-
mined through effective mode area and nonlinear refractive index, γ =

2πn2
/

λAeff 
in which n2 = 8 × 10− 18 (m2/W). 

The Raman response function h(T) in Eq. (1) is modeled by a single 
Lorentzian line and is given by Eq. (2): 

h(T)=
τ2

1 + τ2
2

τ1τ2
2

exp
(
− T
τ2

)

sin
(

T
τ1

)

Θ(T) (2)  

where fR = 0.1, τ1 = 23.14 fs, and τ2 = 157 fs have been determined for 
As38Se62 glass [28]. Θ(T) is the Heaviside step function. 

In our modeling, the selected liquids are considered only for 
dispersion engineering. We preliminary calculate a ratio between 
evanescent light guided in the cladding liquid (CS2, for example) and 
input power. This ratio is 1% around a wavelength of 4.5 μm. Accord-
ingly, the effective nonlinear length of liquid cladding is around 3.2 m 
(for an input peak power of 0.4 kW). If other liquids, for example, CCl4 
and water with low linear and nonlinear refractive indices are used, the 
effective nonlinear length of liquid cladding is much longer. This length 
is very long in comparison with fiber length (4 cm), thus we assume that 
only the glass as core material contributes significantly to the Kerr and 
Raman response of the liquid-filled fibers, and nonlinear properties of 
the liquids are not taken into account. The nonlinear effects of liquid 
cladding substantially influence on SC generation if very high input peak 
power is considered, for example, peak power higher than 30 kW for the 
case of CS2, or higher than 400 kW for CCl4. 

We numerically investigate the coherence characteristics of SC 
generation by making use of the usual definitions of first-order coher-

ence 
⃒
⃒
⃒g(1)12 (ω)

⃒
⃒
⃒ and average coherence 

⃒
⃒
⃒g(1)12

⃒
⃒
⃒, as described e.g. in Ref. [1]. 

In our model, we consider the effects of vacuum noise (random phase per 
input pules) and the amplitude fluctuation of each input pulse compared 
to the average ones [39–41]. Herein, we assume the root-mean-square of 
amplitude fluctuation is 1%. We do not consider the effects of polari-
zation noise as this is expected to have only a minor influence by the use 
of short fiber samples and low input peak power [42–44]. 

For SC simulation, the input pulses are generated by using single- 
pass parametric generation in a 10 mm periodically-poled fan-out 
MgO:LiNbO3 crystal (MgO:PPLN) [28]. The laser pulses have pulse 
duration of 250 fs, and pulse energy of 0.1 nJ (peak power of 0.4 kW). 
Indeed, the coupling efficiency in an experimental system with chalco-
genide fibers is low (e.g., around 10%). Therefore, the launched peak 
power of 0.4 kW corresponds to a peak power of 4 kW (i.e., 1 nJ pulse 
energy) from laser sources. The increase of pulse energy can bring about 
broad SC bandwidth. However, from an experimental perspective, the 
proposed fibers have a relatively small core (3 μm), resulting in low 
coupling efficiency and low input pulse energy launched in the fibers. 
The high coupling efficiency can be obtained if the large core-tapered 
fiber is considered as shown in section 4. From the viewpoint of nu-
merical simulation, the SC generation with high input pulse energy (i.e., 
high peak power) is difficult to numerically simulate with high accuracy 
because of the limitation of the split-step method. For this method, 
numerical simulation of SC generation with broad spectral bandwidth 
requires high resolution in the time domain. In such a case, the simu-
lation is limited by the memory of the computer and computational 
time. 

The pump wavelengths can be tuned in a range of 3–4.5 μm [28]. 
Although the pump wavelength at 4.5 μm locates at high absorption 
peak power As38Se62 which may result in thermal damage under pump 
irradiation, this wavelength is near to zero-dispersion wavelengths of 
the proposed fibers assuring broad spectral broadening. Moreover, the 
high nonlinearity of the proposed fibers offers board SC generation with 
low input peak power, and thus, it is possible to significantly mitigate 
the fiber thermal effects. We also consider SC generation with other 
pump wavelengths at 3.0, 3.5, and 4.0 μm as shown in Fig. 5. 

SC generation in the proposed fibers is presented in Fig. 4. The length 
of all investigated fibers is 5 cm. The liquid infiltration changes the 
dispersion characteristics, resulting in tuning the nonlinear propagation 
and spectro-temporal properties of SC generation. The unfilled fiber has 
two zero-dispersion wavelengths (ZDWs) at 2.9 μm and 5.07 μm, and the 
pump wavelength locates at the anomalous dispersion regime. The 
balance of dispersion and nonlinear effects creates solitons at the onset 
of the propagation. Soliton number (N) and nonlinear characteristics 
lengths are calculated as given in Eq. (3): 

LD =
t2
0

β2
,LNL =

1
γP0

,N =

̅̅̅̅̅̅̅
LD

LNL

√

, Lfiss ≈
LD

N
(3)  

where LD, LNL, and Lfiss are dispersion, nonlinear, and soliton-fission 
lengths, respectively. For an input peak power of 0.4 kW, the soliton 
number N = 7, and fission length Lfiss ≈ 0.9 cm. 

The soliton fission at 0.9 cm of propagation is a result of the effects of 
high-order dispersion and noise (e.g., vacuum noise). In this context, the 
onset soliton is ejected into multiple fundamental solitons, and the input 
pulse is suddenly broadened. At the same time, dispersive waves (i.e., 
Cherenkov radiation) occur at the trailing and leading edges of the 
pulses and create the wavelength bands in the normal dispersion regime. 
Consequently, soliton-induced SC generation in the unfilled fiber has 
broad spectral bandwidth (from 2.5 to 6.5 μm within 30 dB dynamics). 
The SC generation has a complex temporal profile and low coherence 

(
⃒
⃒
⃒g(1)12

⃒
⃒
⃒ = 0.7) via the effects of vacuum noise and amplitude fluctuation 

of input laser pulses, see Fig. 4(a–c). 
The CCl4-filled fiber has two ZDWs at 3.2 μm and 4.2 μm, and the 

pump wavelength is in a normal dispersion regime. At beginning of the 
nonlinear propagation, the input pulse is broadened by SPM. Since the 
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Fig. 4. Pulse evolution, output SC spectrum, and coherence in the investigated fibers. (a, b, c) unfilled fiber, (d, e, f) CCl4-filled fiber, (g, h, i) CHBr3-filled fiber, (k, l, 
m) CS2-filled fiber, and (n, o, p) water-filled fiber. The length of all investigated fibers is 5 cm. 
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pump wavelength is near ZDW (at 4.2 μm), a part of the SPM-induced 
spectrum is going to access the ZDW and propagates in the anomalous 
dispersion regime. In such a case, the soliton dynamics contribute to 
spectral broadening in the anomalous dispersion regime as well as a 
dispersive wave in the trailing edge of the pulse. Therefore, the SC 
spectrum has a broad spectral bandwidth of 2.0–5.5 μm within 30 dB. 
However, the SC spectrum in CCl4-filled fiber is not flat, and a major part 
of input light energy locates in the leading edge with negative delays, see 
Fig. 4(d–f). Although soliton dynamics contribute to the spectral 
broadening, the SC generation in CCl4-filled fiber has a high coherence 
because almost all of the SC spectrum locates in the normal dispersion 
regime and the vacuum noise is not significantly amplified by modula-
tion instability (MI). 

The CHBr3-filled fiber offers all-normal dispersion SC generation 
induced by SPM and OWB. At the beginning of propagation, SPM is the 
main contribution to spectral broadening. The SPM-induced spectrum is 
asymmetry toward the short wavelength because of the effects of the 
self-steepening effect, thus the OWB occurs clearly in the trailing edge. It 
is worth mentioning that OWB is a result of four-wave mixing between 
the SMP-induced components and the pulse tail (wavelength at 4.5 μm), 
and it only occurs when there is temporal overlap between SMP-induced 
and pulse tail components. Therefore, during further propagation, no 
new wavelength is created. The OWB also occurs at the leading edge of 
the pulse, however, it creates a narrow bandwidth (i.e., 4.9–5.2 μm). The 
narrow bandwidth of OWB at the leading edge is caused by large 
effective mode areas at the long wavelengths leading to a decrease in 
nonlinear effects. Moreover, far-zero and high slopes of the dispersion 
shape at the long wavelengths result in the limitation of phase-matching 
conditions. The ANDi SC generation in the CHBr3-filled fiber has a 
spectral bandwidth of 2.2–5.2 μm within 20 dB and high coherence 

(
⃒
⃒
⃒g(1)12

⃒
⃒
⃒ = 0.98), see Fig. 4 (h, i). The temporal profile is smooth and 

located in the delay from − 2.5 ps to 2.0 ps, Fig. 4 (g). 
For CS2 and water-filled fiber, the complex of dispersion shapes re-

stricts the spectral broadening. Especially, a high loss of water-filled 
fiber critically decreases the output intensities. Therefore, SC genera-
tion in these fibers has narrow spectral bandwidth, and complex spectro- 
temporal profiles, see Fig. 4(k–p) 

Supercontinuum generation depends on pump wavelengths that are 
relevant to the flat of dispersion, soliton number, and nonlinear dy-
namics of the propagation. For example, Fig. 5 presents output SC 
generation from the proposed fibers with different values of pump 
wavelengths. With the same value peak power (0.4 kW) and pulse 
duration of 250 fs, the laser pumps with central wavelengths at 4.0 and 
4.5 μm provide the same spectral bandwidth of SC generation in the 
unfilled fiber because both wavelengths are near ZDWs and negative 
slope of dispersion shapes for creating red-shifted DW at the leading 
edge, see Fig. 5 (a). Whilst, for unfilled and CHBr3-filled fibers, input 

laser pulses with further short wavelengths (λ < 4.0 μm) provide nar-
rower spectral bandwidth because the high slope of dispersion shape 
limits the phase-matching condition, see Fig. 5 (a, c). CCl4-filled fiber 
has two ZDWs at 3.2 μm and 4.2 μm, and the dispersion shape is flat with 
small absolute values in a wavelength range of 3–4.5 μm. Therefore, 
changing pump wavelength in a range of 3.0–4.5 μm does not signifi-
cantly reduce the spectral bandwidth, see Fig. 5 (b). 

4. SC generation in tapered fiber 

Small core fibers typically give rise to high nonlinear coefficients for 
broad bandwidth SC generation. However, these fibers in turn have low 
coupling efficiency with laser sources and/or large-mode area fibers for 
high-power pulse delivery. Consequently, small core fibers are not 
appropriate to provide SC generation with high spectral power density 
for practical applications, such as multiphoton imaging techniques and 
LIDAR. Therefore, in this work, we numerically study SC generation in 
As38Se62 tapered fibers. These fibers have large cores at the untapered 
parts for high coupling efficiency and a small core at the waist part for a 
high nonlinear coefficient, see Fig. 6. Lattice pitch for the untapered 
parts and the waist is 8 μm and 2 μm, respectively. The ratio d/Λ = 0.5 is 
assumed as a constant during the tapered process. The core diameter for 
the untapered parts and the waist are 12 μm and 3 μm, respectively. 

The lengths of fiber parts and geometrical parameters of the tapered 
fibers are shown in Table 1. 

Relying on the analysis of nonlinear propagation in the As38Se62 fi-
bers as discussed in section 3, the unfilled and CHBr3-filled tapered fi-
bers are used for SC generation. The unfilled tapered fiber is used for 
anomalous dispersion SC generation, while CHBr3-filled tapered fiber is 
used for ANDi SC generation. 

Linear properties of the tapered fibers are presented in Fig. 7. The 
unfilled fiber has anomalous dispersion for all of the parameters (Λ =
2–8 μm) and low loss, see Fig. 7 (a, c). The unfilled fibers with Λ = 3–8 
μm have similar values of the loss. However, the fiber with Λ = 2 μm 
(dcore = 3 μm) has a much higher loss in the long wavelengths because of 
the exponential increase in confinement loss, see Fig. 7 (c). The unta-
pered parts have large effective mode areas of 70–80 μm2 in the inves-
tigated wavelengths. The tapered process changes dispersion shapes and 
decreases the effective mode area. For example, the waist has high slope 
dispersion shapes and small effective mode areas of 6–20 μm2, see Fig. 7 
(a, b). The CHBr3-infiltration shifts the dispersion toward a normal 
regime, and especially, the waist part has all-normal dispersion, see 
Fig. 7 (d). The liquid infiltration increases the refractive index of the 
cladding region resulting in an increase in effective mode areas and fiber 
loss, Fig. 7 (e, f). The waist part has a small core, and thus, it offers small 
effective mode areas in short wavelengths (λ < 6 μm). However, the 
small core does not confine the light well in the long wavelength range 
leading to an exponential increase in effective mode area and 

Fig. 5. SC spectra with various pump wavelength is (a) unfilled fiber, (b) CCl4-filled fiber, and (c) CHBr3-filled fiber. The fiber length is 5 cm and the peak power is 
0.4 kW. 
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confinement loss. 
All linear properties of the tapered fibers are used for SC simulation. 

We consider the same input laser pulses with a central wavelength of 4.5 
μm, pulse duration of 250 fs, and pulse energy of 0.1 nJ for nonlinear 
propagation in both unfilled and CHBr3-filled fibers. 

Nonlinear propagation in unfilled tapered fiber is presented in Fig. 8. 
The pulse is mainly broadened in the waist part of the fiber by soliton 
dynamics as discussed in section 3. When the pulses are coupled into the 
fiber, they locate in the normal dispersion regime of the untapered part. 
The pulses are very slightly broadened by SPM, and the spectrogram has 
wings at the trailing edges, see Fig. 8 (a, b, and e). The down-tapered 
transition has a decrease in the effective mode area and a shift to the 
anomalous regime of the dispersion. As a result, the pulses are signifi-
cantly broadened by SPM and soliton fission. Since the pump 

wavelength is near ZDWs, the spectrum does not experience any sub-
stantial delay after propagation in the untapered and down-tapered 
parts. Thus, the spectrogram at the end of the down-tapered transition 
has symmetry at 0 (ps), see Fig. 8 (a, c, and g). In the waist part, the pulse 
is completely broadened via soliton fission, soliton self-frequency 
shifting, and DW in the normal dispersion regime. The SC generation 
has broad spectral bandwidth (from 2.5 to 6.5 μm within 30 dB) and a 
complex structure of the spectrogram, see Fig. 8 (d, h). In the up-tapered 
transition and output-light untapered parts, the large effective mode 
area (i.e., low nonlinear coefficient) leads to no noticeable change in 
spectral broadening. Thus, the spectrum at the end of the fiber and the 
end of the waist part has a similar spectral structure, see Fig. 8 (h, i). In 
the time domain, the dispersion effects stretch out the spectrogram, 
especially the trailing edge of the spectrogram experiences a large delay 
because of the high value of dispersion at the short wavelength, see 
Fig. 8 (e). In comparison with non-tapered fiber (i.e., longitudinal uni-
form fiber with Λ = 8 μm), the tapered fiber provides SC generation with 
a much broader spectral bandwidth, see Fig. 8 (i). 

For CHBr3-filled tapered fiber, the spectral broadening is induced by 
SPM at the beginning of the propagation (in the untapered and down- 
tapered part) with a narrow spectral bandwidth and no substantial 
delay, see Fig. 9 (c, f). In the waist part, SPM and OWB are the main 
contributions to spectral broadening, in which OWB creates the new 
wavelengths at the trailing edge of the pulse (around 2.2 μm). The low 
nonlinear coefficient in further propagation leads to no further spectral 
broadening and redistribution of light energy. Thus, spectra at the end of 
the waist part and the fiber are similar to each other in spectral structure 

Fig. 6. Schemes of the As38Se62 tapered fibers. The fibers include the untapered parts with Λ = 8 μm and dcore = 14 μm, the tapered (down and up) transition, and the 
waist with Λ = 2 μm and dcore = 3 μm. 

Table 1 
Length and parameters of the tapered fibers.  

Fiber part Length 
(cm) 

Lattice pitch 
(μm) 

Core diameter 
(μm) 

Input-light untapered (d1) 2 8 14 
Down-tapered transition 

(d2) 
2 8 → 2 14 → 3 

Waist (d3) 5 2 3 
Up-tapered transition (d4) 2 2 → 8 3 → 14 
Output-light untapered 

(d5) 
5 8 14  

Fig. 7. Linear properties of tapered fiber. For unfilled fiber: (a) dispersion, (b) effective mode areas, and (c) fiber loss. For CHBr3-filled fiber: (d) dispersion, (e) 
effective mode areas, and (f) fiber loss. 
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and bandwidth (from 2.2 to 5.4 μm within 20 dB), see Fig. 9 (b, g, and h). 
The output spectrum has a decrease in intensity of around 3.2 μm due to 
the absorption of CHBr3. It is to note that SC generation is induced in the 
waist part by typical nonlinear dynamics of ANDi SC, however, the 
leading edge of the spectrum subsequently experiences anomalous 
dispersion in the up-tapered and output-light untapered parts. There-
fore, the temporal profile has a noticeable change at the beginning of the 
up-tapered part with further delay for the trailing edge, see Fig. 9 (a, d, 
and e). 

Supercontinuum generation in both unfilled and CHBr3-filled 
tapered fibers is completely spectrally broadened in the waist parts. The 
tapered-up (d4) and output-light untapered (d5) parts do not change the 
spectral structure of the SC generation. Thus, if only fiber parts from 
light-input untapered to the end of the waist are used, it is possible to 
obtain SC generation with high brightness and high spectral power 
density because no light is absorbed in the tapered-up and output-light 
untapered parts. A small core of the waist part also assures output SC 
spectrum with high quality in the spatial distribution, i.e, the bell- 
shaped distribution in a small area, giving rise to spatial power den-
sity for applications in e.g., multiphoton imaging techniques, and 

liquid/gas detection. However, if an all-fiber system that includes the SC 
fiber and single-mode fiber to collect and deliver the output SC light is 
developed, the small core of the waist part provides a low coupling ef-
ficiency between the SC fiber with single-mode fiber. In such a case, the 
tapered-up and the output-light untapered parts should be used for a 
high coupling efficiency. 

In comparison with small core fibers in section 3, the tapered fibers 
provide the SC generation with the same spectral bandwidth. This 
feature means that the tapered fibers conserve the nonlinearity as in the 
small core fibers. At the same time, the tapered fibers assure a high 
coupling efficiency with laser sources in an experimental setup, enabling 
the coupling of the laser pulses with much high input power into the 
fibers without fiber damage and degradation of coupling efficiency over 
long terms. The tapered fibers provide SC generation with SC bandwidth 
much broader than non-tapered fiber, Figs. 8 (i) and 9 (h). It is possible 
to obtain SC with further spectral bandwidth if high pulse energy is 
launched into the tapered fiber. 

An overview of experimental SC generation in chalcogenide fibers is 
shown in Table 2. The previous works have yielded multi-octave span-
ning SC generation in anomalous and all-normal dispersion regimes. 

Fig. 8. Supercontinuum generation in unfilled tapered fiber. (a) spectrum evolution. Spectrogram and spectrum at the end of various parts: (b, f) input-light 
untapered part, (c, g) down-tapered part, (d, h) waist part, and (e, i) output-light untapered part. 

Fig. 9. Supercontinuum generation in CHBr3-filled tapered fiber. (a, b) temporal and spectral evolution. Spectrogram and spectrum at the end of various parts: (c, f) 
down-tapered part, (d, g) waist part, and (e, h) output-light untapered part. 
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However, the broad SC generation requires high peak powers of laser 
pumps, such as the peak powers in Refs. [23,47,52–54] are at MW level. 
Ultrashort pulse duration and high pulse peak power are the domain of 
complex optical parametric chirped-pulse amplification (OPCPA) sys-
tems which usually operate with kHz repetition rates. This diminishes 
the potential of the known coherent supercontinuum pulses in applica-
tions involving, e.g., real-time spectroscopy or imaging of dynamic 
systems. In addition, high peak power may lead to fiber damage via the 
thermal effects of laser pulses on the input fiber end. In contrast, the 
proposed fibers can offer SC generation with the same spectral band-
width in comparison with those in the state-of-the-art with much lower 
input peak power (0.4 kW). Interestingly, unlike the chalcogenide fibers 
in the state-of-the-art, the proposed fibers have the flexibility to tailor 
the dispersion shape by selection and/or replacement of appropriate 
liquids/mixture toward expected SC generation. Moreover, liquids have 
noteworthy properties, such as high thermo-optic coefficient, and high 
birefringence via the effects of external electromagnetic files that can be 
leveraged to readily control the spectro-temporal properties of SC 
generation. 

The optical properties of the proposed fibers are changed by an aging 
process that is thoroughly investigated and shown in Refs. [24,25]. The 
fiber aging is from the diffusion of OH, oxygen, and/or hydrogen inward 
the chalcogenide glass [25], thus the use of water to fill into the air-holes 
cladding dramatically changes the optical properties of fibers (i.e., 
increasing fiber attenuation via absorption of OH and Se–H group), 
resting in reduction of spectral broadening. The aging evolution of CCl4, 
CHBr3, and CS2-filled fibers may be slower than water-filled fibers 
because these liquids do not contain the OH group. The aging of the 
liquid-filled chalcogenide fibers should be thoroughly investigated not 
only for SC generation but also for application in e.g., sensors and liquid 
detection. However, we do not implement this research because of a lack 
of infrastructure in our laboratory. 

5. Conclusion 

The liquid infiltration to optimize the dispersion characteristics of 
chalcogenide fibers for SC generation is thoroughly studied. When the 
cladding air holes are filled with liquids, the refractive index profile of 
the cladding region is changed, resulting in the shifting of dispersion 
shape and an increase of effective mode area. Consequently, it is possible 

to obtain a fiber with further flat, near-near zero dispersion (e.g., CCl4- 
filled fiber) and all-normal dispersion (e.g., CHBr3-filled fiber). How-
ever, the fibers filled with water and carbon disulfide have a complex 
shape of dispersion via the variation of the refractive index curve in the 
mid-IR range. In addition, shifting the dispersion shapes via liquid 
infiltration is efficient for only small core fibers, such as dcore = 2.25–3 
μm. 

Interestingly, relying upon the dispersion modification, it is possible 
to tailor the nonlinear dynamics for SC generation. For example, we 
consider the unfilled fiber with Λ = 2 μm and dcore = 3 μm for soliton- 
induced SC generation via input laser pulses with a central wave-
length of 4.5 μm, pulse duration of 250 fs, and input peak power of 0.4 
kW. This unfilled fiber provides SC generation with broad spectral 
bandwidth (2.5–6.5 μm). The SC generation is low coherence via the 
effects of vacuum noise and amplitude fluctuation of input laser pulses. 
With the same fiber parameters, CCl4-filled fiber provides the SC gen-
eration with a spectral bandwidth of 2.0–5.5 μm and high coherence. 
The high coherence is understood that a major part of SC generation 
locates in the normal dispersion regime allowing suppression of the ef-
fects of the noises. Especially, ANDi SC generation is obtained in CHBr3- 
filled fiber with an octave-spanning spectral bandwidth (2.2–5.2 μm). 
The ANDi SC generation has a high coherence, flat spectrum, and 
maintained single-pulse in the time domain. In contrast, the CS2 and 
water-filled fibers provide the narrow bandwidth SC generation because 
of their complex dispersion shapes and high attenuation of water in the 
mid-IR range. 

The tapered fibers are also studied in this work for broad SC gener-
ation. The untapered and waist parts of these fibers have core diameters 
of 14 μm and 3 μm, respectively, assuring both high coupling efficiency 
and high nonlinearity. With an input peak power of 0.4 kW, the unfilled 
tapered fiber provides the SC generation with a spectral bandwidth of 
2.5–6.5 μm, while CHBr3-filled provides ANDi SC generation with a 
spectral bandwidth of 2.2–5.4 μm. 

It is worth noting that it is possible to replace the liquid in the 
cladding, meaning that liquid infiltration provides a flexible method to 
optimize dispersion characteristics and mode properties. Therefore, the 
nonlinear dynamics and spectro-temporal properties of SC generation 
are readily controlled to meet the requirements of particular applica-
tions. For example, broad SC generation in unfilled or CCl4-filled fibers 
may be used for mid-IR spectroscopy and detection of gas or gaseous 

Table 2 
Summary of SC generation in chalcogenide fibers.  

# Glass of core Pump wavelength (μm) Peak power (kW) Spectral bandwidth (μm) Anomalous 
/all-normal dispersion 

Year of pub. Ref. 

1 As2S3 2.6 1.26 1.5–4.4 Anomalous 2013 [45] 
2 As2S3 2.5 4.86 1.0–4.0 Anomalous 2014 [46] 
3 As40Se60 6.3 2.29 × 103 1.4–13.3 Anomalous 2014 [23] 
4 Ge15Ga3Sb12S70 2.3 40 × 103 0.95–3.35 Anomalous 2015 [47] 
5 Ge12As24Se64 4 3 1.8–10 Anomalous 2015 [48] 
6 As2S5 2.7 5.2 2.0–3.3 All-normal 2016 [49] 
7 Ge15Sb25Se60 6 50 1.8–14 Anomalous 2016 [50] 
8 Ge10As22Se68 4 16 1–11.5 Anomalous 2017 [51] 
9 As2S5 10 1.3 × 103 2.0–14 All-normal 2017 [52] 
10 As2Se3 9.8 2.89 × 103 2–5.1 Anomalous 2017 [53] 
11 Ge20As20Se15Te45 5.5 126 × 103 1.7–12.7 All-normal 2019 [54] 
12 Ge-As-Se-Te 4.65 1.5 2.1–11.5 Anomalous 2019 [55] 
13 Ge-As-Se 4 16.5 3.0–6.0 All-normal 2019 [56] 
14 As38Se62 4.53 2.54 3.1–6.02 Anomalous 2019 [28] 
15 Ge20As20Se15Te45 5 180 2.0–14 All-normal 2019 [57] 
16 AsSe2 2.6 10.12 1.6–3.7 All-normal 2020 [58] 
17 As2S3 4.2 380 1.7–4.8 Anomalous 2020 [59] 
18 As2Se3 5 50 2.5–10 All-normal 2020 [26] 
19 As39Se61 2.45 15 1.4–4.2 Anomalous 2020 [60] 
20 GeSe4-GeTe4 8.15 200 1.7–18 Anomalous 2021 [19] 
21 As2S5 5.3 10 2.0–10 All-normal 2022 [27] 
This work (As38Se62 fiber infiltrated with liquids) 4.5 0.4 2.5–6.5 Anomalous Unfilled fiber 

2.0–5.5 Anomalous CCl4-filled 
2.2–5.2 All-normal CHBr3-filled  
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nerve agent simulants [21,61]. The high coherence ANDi SC generation 
in CHBr3-filled fiber has the potential to be used for low-noise amplifiers 
in the mid-IR range, such as Praseodymium-doped and 
Dysprosium-doped chalcogenide fiber amplifiers [62–64]. 
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R. Buczyński, Supercontinuum generation in an all-normal dispersion large core 
photonic crystal fiber infiltrated with carbon tetrachloride, Opt. Mater. Express 9 
(5) (2019) 2264–2278, https://doi.org/10.1364/OME.9.002264. 

[37] V.T. Hoang, G. Stępniewski, R. Kasztelanic, D. Pysz, V.C. Long, K.X. Dinh, 
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