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Abstract
A novel design study of ultra-flattened near-zero dispersion PCF with toluene  (C7H8) 
infiltration is proposed. The near-zero ultra-flattened dispersion is achieved by appropri-
ately reducing the diameter of the first ring air-holes in the cladding and increasing the 
distance from the core to these air-holes. An ultra-flattened chromatic dispersion as small 
as 0.947 ps/(nm.km) has been obtained over a broadband of 500 nm with a high nonlinear 
coefficient and very low attenuation of the fundamental modes (about  10−14 dB/m at the 
pump wavelength). Two optimized PCFs have been selected for broad-spectrum supercon-
tinuum (SC) generation with low peak power. The first fiber with a lattice constant (Λ) 
0.9 μm and filling factor (d1/Λ) 0.45 has an anomalous dispersion regime. The SC spectrum 
broadens from 800 to 2800 nm with a full width at half maximum (FWHM) of 1897.3 nm 
generated by pump pulses centered at a wavelength of 1.55 μm, with input pulse energy of 
0.05 nJ and 90 fs duration, corresponding to the peak power of about 0.556 kW. The sec-
ond proposed fiber (Λ = 1.0 μm, d1/Λ = 0.5) enables SC generation in an all-normal disper-
sion regime with an FWHM of 1163.7 nm at the same pump pulses as the first fiber with 
input pulse energy of 0.015 nJ (the peak power of 0.375 kW) in a 5 dB dynamic range. 
These fibers can be a new class for the next generation of broadband laser sources with a 
low peak power as cost-effective alternatives to glass core fibers.
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1 Introduction

Supercontinuum generation is a huge spectral broadening process occurring while a nar-
rowband optical pulse of high intensity propagates through a highly nonlinear and opti-
cally transparent medium (Dudley et al. 2006). Due to its excellent characteristics (large 
bandwidth, high power density, and good coherence), SC has been widely applied in opti-
cal frequency metrology, ultrashort pulse generation, gas sensing, optical telecommunica-
tion systems, etc. (Pires et  al. 2015; Smirnov et  al. 2006; Yoshii et  al. 2019; Ling et  al. 
2013; Hartl et al. 2001; Kaminski et al. 2008; Jones et al. 2000; Shang et al. 2021; Dasht-
ban et al. 2021; Gallazzi et al. 2022; Lemière et al. 2021). Recently, there has been great 
interest in developing PCF-based SC sources because PCF is considered an excellent non-
linear medium. Specifically, its versatility and flexibility in terms of geometry and back-
ground material have led to the easy achievement of the required optical guiding properties 
(Knight 2003; Thévenaz 2011). The generation of high brightness, good coherence, and 
broad-spectrum SC is achieved through a synergy between several dispersive and nonlin-
ear effects (Dudley and Taylor 2010). Usually, there are two ways to generate SC involv-
ing the anomalous or all-normal dispersion regime of PCF. First, when the pump pulse is 
operated in the anomalous regime of dispersion, the soliton dynamics, e.g., soliton fission 
(SF), soliton self-frequency shift (SSFS), and dispersive wave (DW), play a major role in 
the SC formation (Ferreira 2020). In such a case, although the SC with large bandwidth 
can be generated, its coherence is low, and the temporal profile is complex and nonuni-
form. However, these properties can be improved if specific conditions are met, such as the 
input soliton order, pulse duration, propagation length, etc. (Dudley 2002). Second, when 
the PCF exhibits an all-normal dispersion regime, the spectrum of output optical pulses is 
significantly broadened by self-phase modulation (SPM), self-steepening (SS), and optical 
wave breaking (OWB) mechanisms (Fang et al. 2020). A good coherence, smooth, and flat 
spectra can be observed by suppresing soliton fission (Finot et al. 2008), but its bandwidth 
is narrow. In addition, the energy of input laser pulses is injected into the fiber, which is 
usually much higher than that of the SC generation operating in the anomalous dispersion 
regime (Dudley et al. 2006).

Thus, the width and flatness of the spectrum over broadband wavelength have been a 
challenge for researchers in generating quality SC (Dudley et  al. 2006). To achieve this, 
the high nonlinearity and flat chromatic dispersion of PCF are essential. Many works 
emphasize optimizing the design of the fibers and the pumping condition. In which, opti-
mizing structure to improve the flatness of the dispersion over wider bandwidths has been 
an attractive approach to achieving high performance in SC generation. In general, there 
are two suggested different ways for PCFs, the first consists of using additional materials, 
either by doping the core or the cladding with high index material such as fluorine (Zeleny 
and Lucki 2013) and germanium (Medvedkov et al. 2012) or by infiltrating high nonlin-
earity liquids into the core (Van et al. 2019, 2021, 2020; Sharafali et al. 2021; Dinh et al. 
2018; Hoang et al. 2020, 2019; Le et al. 2018; Tran et al. 2020). The second way consists 
only of selectively reducing the radii of the core, air hole, or changing the cladding geom-
etries (Begum et al. 2011; Medjouri et al. 2015; Saitoh et al. 2003, 2006; Stępniewski et al. 
2018; Sultana et al. 2018; Islam et al. 2018; Maji and Chaudhuri 2014). Two ways men-
tioned above can also be reasonably combined to achieve high efficiency in dispersion opti-
mization and broader SC spectra (Van et al. 2020; Tran et al. 2020; Medjouri et al. 2015).

PCFs with ultra-flattened near-zero dispersion have been the efforts of many researchers 
to generate SC with large bandwidth and high coherence. Many designs for the PCFs have 
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been proposed to achieve this aim (Medjouri et al. 2015, 2017; Maji and Chaudhuri 2014; 
Huang et al. 2019, 2021; Huang et al. 2018a, b; Kumar et al. 2020, 2019; Hsu 2016). By 
appropriately modifying the diameter of the core-neighboring air holes layer, the works 
(Medjouri et  al. 2015; Maji and Chaudhuri 2014) obtained a small, ultra-flattened chro-
matic dispersion of less than 1.0 ps/(nm.km) over broadband around 400–500 nm. This dis-
persion property dominated the SC spectrum expansion; FWHM from 400 to 600 nm was 
achieved with a peak power of a few kW. Recently, the combination of highly nonlinear 
liquid infiltration into hollow cores or air holes and changing lattice geometry of PCF has 
been a new design. With a peak power of 3.2 kW, the paper (Medjouri et al. 2017) reported 
an SC spectrum spanning 700 nm thanks to a nearly zero ultra-flattened chromatic disper-
sion with air holes of PCF reduced and filled selectively liquid. The ability to generate SC 
spectrum as broad as 945 nm in the infrared wavelength range based on ultra-flattened all-
normal dispersion (1.04 ps/(nm.km)) with ethanol-infiltrated PCF was verified in the work 
(Le et al. 2018) but unfortunately the peak power was too high, up to 50 kW. Using other 
substrates to partially or completely replace silica is also new research in improving PCF 
dispersion. For example, the study (Kumar et al. 2020) achieved a broad SC spectrum up to 
2784 nm with a peak power of 5 kW through a PCF with an ethanol-infiltrated lead silicate 
substrate into the hollow core. Flat dispersion with a value less than 5 ps/(nm.km) is the 
leading cause of this spectrum’s huge broadening. Alternatively, an ultra-flattened normal 
dispersion within 0.75 ps/(nm.km) generated an SC bandwidth of 238 nm with a relatively 
high power of 20 kW (Huang et al. 2019). In recent years, the results obtained with ultra-
flattened near-zero dispersion PCFs are briefly summarized in Table 1. The obtained results 
show that the bandwidth SC depends strongly on the ultra-flattened near-zero dispersion of 
PCFs. Although these previous publications have demonstrated the ability to generate a 
broad SC spectrum in PCFs with ultra-flattened dispersion, the peak power is still rela-
tively high, from a few kW to several tens of kW. The peak power of the input pulses is 
also an essential factor in evaluating SC generation performance when using a nonlinear 
medium such as PCF. Therefore, besides improving dispersion, generating broad-spectrum 
SC with a low peak power is also the goal of further studies.

In this paper, we present for the first time the possibility of achieving a broad SC spec-
trum using very low peak power, 0.375 kW excited at 1.55 μm for PCFs with an ultra-
flattened near-zero dispersion. We design the circular silica-based PCFs with a  C7H8-filled 
core. The diameter of the air holes and lattice constant of the first ring are designed differ-
ently from other claddings’ rings to optimize dispersion. There are five ideas that guide the 
design of our PCF structures:

• Silica-based PCFs are very popular because they find advantages in practical fabrica-
tion.

• The circular lattice can well confine the electromagnetic field to the core due to its high 
geometric symmetry i.e. it enhances the fiber nonlinearity, which has not been studied 
as much as the hexagonal lattice before.

• Again, losing the rings’periodicity near the core is considered to increase the fiber’s 
design freedom to a large extent, because every ring in the structure strongly influ-
ences the dispersion. Different air hole rings surrounding the core in PCFs have been 
designed so far to get better and more engineerable SCs (Ahmad et al. 2020; Lee et al. 
2019; Alam et al. 2021; Huang et al. 2018a, b).

• C7H8 has a high nonlinear refractive index, relatively low attenuation concerning the 
other nonlinear liquids, and low toxicity. The nonlinear refractive index of  C7H8 is 
n2 = 16.8 ×  10−19  m2.W−1. It is 60 times higher than silica (n2 = 2.79 ×  10−20  m2.W−1) 
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(Kato et al. 1995). This interesting thing of  C7H8 helps us choose it to fill the hollow 
core of circular lattice PCF.

• In the experiment, PCFs infiltrated with  C7H8 can be easily fabricated by the conven-
tional stack-and-draw method (Hoang et al. 2018; Fanjoux et al. 2017).  C7H8 is filled 
into the core by integrating a microfluidic pump system using a thermal fusion splicer 
or laser writing technique (Vieweg et al. 2010). Other applications of toluene-perme-
able PCF are reported as sagnac interferometer with high sensitivity, and temperature 
sensors (Mei et al. 2022; Yang et al. 2017).

With such a design, the dispersion characteristic of the PCF can be easily adjusted to 
achieve all-normal and ultra-flattened near-zero dispersion as small as 0.947 ps/(nm.km) 
for the wavelength range of 500 nm. SC generation using two optimal fibers with all-nor-
mal and anomalous dispersion regimes is numerically demonstrated by solving the general-
ized nonlinear Schrödinger equation (GNLSE) and using the symmetry split-step Fourier 
transform method. With a very low peak power of the input pulse (0.375 and 0.556 kW) 
excited at 1.55 μm for PCFs with all-normal ultra-flattened near-zero dispersion and anom-
alous dispersion regime, we obtain the broad SC spectrum with an FWHM of 1163.7 nm 
and 1897.3 nm, respectively.

The paper has four sections. Section 1 introduces an overview of previous studies on 
PCF-based SC generations. The results with ultra-flattened near-zero dispersion of previ-
ous research works have also been discussed in detail. Next, an idea about the design of 
proposed nonlinear PCF structures with parameters definition is presented in Sect. 2. Then, 
in Sect. 3, the dispersion and optical properties of the optimal structures (nonlinear coef-
ficient, effective mode area, and attenuation of the fundamental mode) have been discussed 
based on numerical simulation results. Afterward, Sect. 4 describes how SC can be gener-
ated to obtain broad spectra with the low peak power. Lastly, some conclusions have been 
drawn regarding the proposed PCF structure’s effectiveness.

2  Numerical modeling of the PCFs

The cross-section view of the circular  C7H8-infiltrated PCF  (C7H8-PCF) is illustrated in 
Fig. 1a. The cladding consists of eight regularly arranged rings of air holes surrounding the 
hollow core, which is filled with  C7H8. We denote Λ as the distance between two adjacent 
air holes in the cladding, d1 and d2 as the diameters of the innermost ring air holes near the 
core and the others, respectively, which means that the linear filling factor of the innermost 
and the other rings are defined as d1/Λ and d2/Λ. The dispersion control is quite conveni-
ent thanks to the diversity in the design of PCFs with various core shapes or different air 
hole sizes in the cladding (Maji and Chaudhuri 2014). From there, one can quickly achieve 
ultra-flattened dispersion values over wider bandwidths. Interestingly, the dispersion prop-
erties, including flatness and zero-dispersion wavelength (ZDW) shift, are strongly gov-
erned by the size of the air holes in the first ring near the core. Meanwhile, the low attenu-
ation of the fundamental mode and even the higher modes are affected by the size of the 
others rings (Medjouri et al. 2015; Saitoh et al. 2006; Huang et al. 2018a, b). It should be 
noted that it is difficult to optimize the optical properties of the fiber simultaneously, and 
dispersion optimization is still preferred in SC generation. To our knowledge, up to now, 
the difference in lattice constant of the first and other rings of PCF structure is yet to be 
explored for any possible broad spectra SC generation. Thus, in this simulation, the core 
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of the designed PCF is liquid-filled, and lattice constant of the rings in the cladding is also 
appropriately adjusted to achieve the expected optical properties. We keep the same value 
of 0.95 for the filling factor d2/Λ but d1/Λ varies from 0.3 to 0.65. The distance from the 
core to the air-holes of the first ring is Λ1 = 1.095Λ while the distance between the other 
rings is kept as Λ. We use the following lattice constants Λ: 0.9, 1.0, 1.5 µm, and 2.0 µm. 
Figure 1b shows that the mode field energy can be well confined in the core region of the 
 C7H8-PCF in the wavelength range of 0.6 to 2.0 μm.

Fused silica  (SiO2) is selected as background material in all the designs of these PCFs. 
Cauchy’s equation (Moutzouris et al. 2014) and Sellmeier’s equation (Tan 1998) show the 
dependence of refractive index characteristics on wavelength for  C7H8 and  SiO2

where λ is the excitation wavelength in micrometers, n(λ) is the wavelength-dependent lin-
ear refractive index of materials.

The refractive indices of toluene and silica are shown in Fig. 2a. Toluene has a refrac-
tive index higher than silica, thus the light is guided in the core by total inter refraction, 
and confinement loss is neglected in our model. We also assumed that fiber losses are only 
contribution from material loss of toluene, as shown in Fig. 2b. Thus, the fibers have a high 
loss in long wavelengths (i.e., λ > 1.6 µm) as shown in Fig. 7.

The Lumerical Mode Solutions (LMS) with the full-vector finite-difference eigenmode 
(FDE) method has been used to create  C7H8-filled PCF and achieve the field intensity 
profile of the fundamental mode of the PCFs. In order to design the structure of the hol-
low-core PCF filled with  C7H8, the refractive index and attenuation data of  C7H8 must be 
correctly and carefully put in the LMS materials database. Among the recommended geo-
metric structure of the data system, we choose the hollow-core circular lattice, while the 
 SiO2 base material is created in the structure. Then the  C7H8 is put into the hollow-core of 
the designed PCFs. PCFs infiltrated with  C7H8 can be experimentally fabricated easily by 
the conventional stack-and-draw method. Some techniques, such as integrating a microflu-
idic pump system using a thermal fusion splicer or laser writing technique, enable  C7H8 to 

(1)
n2
C7H8

(�) = 2.161659124 + 0.000495188�2 +
0.021381790

�2
+

0.000058838

�4
+

0.000087632

�6

(2)n2
SiO2

(�) = 1 +
0.6961663�2

�2 − (0.0684043)2
+

0.4079426�2

�2 − (0.1162414)2
+

0.8974794�2

�2 − (9.896161)2

Fig. 1  Cross-section view of the circular  C7H8-PCF (a) and the mode field energy can be well confined in 
the core region of the  C7H8-PCF (b)
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be filled into the hollow core accurately and efficiently (Hoang et al. 2019). For  SiO2, reli-
able data are only available in the wavelength range of 0.6–2.0 µm, so we limit the simula-
tion to this range. The characteristic properties of  C7H8-filled PCF are simulated assuming 
that  C7H8 exhibits significant losses. The process of FDE utilizes the Maxwell wave equa-
tion and the boundary condition for simulation is a perfectly matched layer, allowing no 
reflection at the boundary and reducing the loss.

3  Optical properties of the PCFs

Higher order modes have no significant effect on the SC broadening if the input pulse is 
sufficiently short (≤ 10 ps), so here we only present the fibers’ dispersion and nonlinear 
properties in the fundamental mode. The chromatic dispersion which depends on both 
material dispersion (DM) and waveguide dispersion (DW) can be obtained by (Lee et  al. 
2019):

where c is the velocity of light in a vacuum and β2 is the second-order dispersion, usually 
called the group velocity dispersion (GVD). The GVD is responsible for the determination 
of the range up to which the spectral components of an ultra-short pulse propagate in the 
PCF structure at different phase velocities (Dudley et al. 2006; Agrawal 2013). Here, D can 
be directly calculated by

where Re[neff] is the real part of the effective index of the guided mode.
The dispersion regime of  C7H8-filled PCFs is depicted in Fig. 3a, b, c, and d, respec-

tively. Obviously, the difference in the filling factor d1/Λ in the first cladding ring and the 
lattice constants Λ are responsible for the rather diverse variation of the dispersion prop-
erties. We achieve both all-normal and anomalous dispersion regimes over the investi-
gated wavelength range for PCFs with small lattice constants (Λ = 0.9 µm and 1.0 µm). 
As Λ increases (Λ = 1.5  µm and 2.0  µm), the anomalous dispersion regime with one 

(3)DC = DW + DM = −
2�c

�2
�2

(4)D = −
�

c

�2Re[neff]

��2

Fig. 2  Real parts of refractive index of toluene and fused silica (a) and transmittance of 1 cm toluene sam-
ple (b) (Kedenburg et al. 2012)
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ZDW dominates completely. For Λ = 0.9 µm (Fig. 3a), four all-normal dispersion curves 
are found with d1/Λ ≥ 0.5 while anomalous dispersions with one ZDW are obtained with 
d1/Λ is smaller (from 0.3 to 0.45). As the filling factor d1/Λ is reduced (from 0.65 to 
0.5), the all-normal dispersion curves get closer and closer to the zero dispersion and 
become flatter. In this case, PCF with d1/Λ = 0.5 has the flattest all-normal dispersion 
curve and is closest to zero dispersion. More interestingly, when Λ = 1.0 µm (Fig. 3b) 
the curves with d1/Λ ≤ 0.45 still exhibit the anomalous dispersion properties with one 
ZDW similar to the case Λ = 0.9 µm. Meanwhile, two dispersion curves with d1/Λ = 0.6 
and 0.65 intersect the horizontal axis at two points respectively i.e. there are two anom-
alous dispersion curves with two ZDWs. Thus, we get two all-normal dispersions for 
d1/Λ = 0.5 and 0.55 in the case Λ = 1.0 µm.. In particular, we achieve the near-zero ultra-
flattened dispersion as small as 0.947  ps/(nm.km) over a broadband of 500  nm with 
all-normal dispersion when d1/Λ = 0.5. It is clear from Fig. 3a and b that the dispersion 
characteristic can be tuned easily with air hole diameter d1 in the first ring of the PCF 
structure. Figure 3a and 3b also expose that the dispersion slope changes drastically for 
a variation of d1. The interaction between waveguide dispersion and material disper-
sion could explain this change. For smaller d1/Λ, material dispersion plays a major role 
while the waveguide effect dominates for higher d1/Λ (Maji and Chaudhuri 2014). When 

Fig. 3  The dispersion characteristics of  C7H8-PCFs with various values of d1/Λ and Λ = 0.9 µm (a); 1.0 µm 
(b); 1.5 µm (c); 2.0 µm (d)
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Λ = 1.5, and 2.0  µm, the decrease of the filling factor reduces the dispersion without 
much change in slope, and PCFs exhibit anomalous dispersion regimes with a larger 
shift of ZDWs towards the longer wavelength region. Because of the predominance of 
material dispersion, the increase of Λ (while keeping the filling factor fixed) also causes 
the ZDW to shift towards the longer wavelength, the values of ZDW are presented in 
Table 2. Shifting the ZDW toward the longer wavelengths in PCFs plays an important 
role for soliton-driven SC by low cost and short pulse lasers with the pump wavelength 
chosen to be larger but closer to ZDW. For Λ = 0.9  µm and d1/Λ = 0.45, the value of 
ZDW is 1.54 µm, which is very approximate to the common pump wavelength in SC 
generation based silica-PCF.

To obtain the near-zero ultra-flattened dispersion in PCF infiltrated with  C7H8, we opti-
mized the structural parameters of Λ and Λ1. In optimizing parameter Λ1, the distance from 
the core to air-holes of the first ring plays a crucial role in controlling the flatness of disper-
sion over the broadband region. With little modification in distance Λ1, Λ1 = 1.095Λ, a great 
influence is observed in the dispersion characteristic of PCF. This is illustrated in Fig. 4 
with the dispersion properties of two structures, Λ = 1.0 µm, Λ1 = 1.095Λ, d1/Λ = 0.5 (red 
line), and Λ = 1.0 µm, Λ1 = Λ, d1/Λ = 0.5 (green line). In our study, by careful choice of the 

Table 2  The values of ZDW of 
 C7H8-core PCFs with various 
values of d1/Λ and Λ 

d1/Λ Λ = 0.9 µm Λ = 1.0 µm Λ = 1.5 µm Λ = 2.0 µm

ZDWs1 ZDWs1 ZDWs2 ZDWs ZDWs

0.3 1.243 1.283 – 1.389 1.459
0.35 1.292 1.313 – 1.348 1.415
0.4 1.364 1.347 – 1.3 1.375
0.45 1.54 1.392 – 1.253 1.34
0.5 – – – 1.213 1.307
0.55 – – – 1.175 1.278
0.6 – 1.145 1.34 1.142 1.249
0.65 – 1.062 1.372 1.113 1.223

Fig. 4  Dispersion characteristic 
of two structures with the dif-
ference in the distance from the 
core to air-holes of the first ring
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structural parameter Λ1, we can control and obtain the desired dispersion characteristic of 
 C7H8-filled PCF.

The chromatic dispersion causes a change in the optical pulse per unit distance of the 
propagation length of the fiber, so a PCF with suitable dispersion characteristics has been 
an important factor governing the efficiency of SC generation. Usually, the PCF has an all-
normal and flat dispersion necessary for expansion spectrum in SC generation in the visi-
ble and near-infrared regions to get a good coherence, smooth, and flat spectra. Meanwhile, 
low anomalous dispersion near the ZDW generates a broad supercontinuum with strong 
confinement to the core despite low input energy. Moreover, the ultra-flattened dispersion 
and the shift of the ZDW to the longer wavelength are favorable conditions for using an 
available laser with femtosecond optical pulses as input sources for wider bandwidth super-
continuum generation (Raei et al. 2018). Based on the above investigations, we select two 
optimal PCFs to benefit the generation SC, called #F1 and #F2. Both structures give rea-
sonable flatness dispersion and near-zero dispersion in the investigated wavelength region, 
displayed in Fig. 5. The first fiber #F1, with Λ = 0.9 µm, and d1/Λ = 0.45, has the anomalous 
regime of dispersion which is used for SC generation at 1.55 µm the pump wavelength. 
While the second fiber #F2 (Λ = 1.0 µm and d1/Λ = 0.5) operates in an all-normal dispersion 
regime with near-zero ultra-flattened dispersion, which is expected to generate a smooth 
and broad-spectrum SC at the same pump wavelength of #F1 fiber. Both #F1 and #F2 have 
low dispersion at the pump wavelength, are 0.489 and –1.534  ps/(nm.km) respectively. 
Note that the PCF’s core diameter also strongly influences the SC generation because the 
large core will increase the effective mode area and ultimately reduce the nonlinear coef-
ficient. The core diameters of these PCFs are determined by the formula Dc = 2Λ – 1.2d1, 
two proposed fibers have small cores and low dispersion at the pump wavelength (Table 3) 
that are expected to be favorable for SC generation.

The interaction of the input pulse with the nonlinear optical medium through various 
nonlinear phenomena such as SPM, cross-phase modulation (XPM), stimulated Raman 
scattering (SRS), DW, FWM,… results in a broad SC spectrum. So, the nonlinear proper-
ties of an optical medium contribute to generating new frequencies (Alam et al. 2021). The 
nonlinear coefficient (γ) is a measure of the nonlinearity of the medium and it can be esti-
mated by the formula (Agrawal 2013).

Fig. 5  The dispersion character-
istics of the fundamental mode 
for the #F1 and #F2 optimal fiber



Supercontinuum generation in ultra‑flattened near‑zero…

1 3

Page 11 of 22    93 

where Aeff is the area of the effective mode for the basic mode of the fiber and n2 is the non-
linear refractive index of the optical material. The effective mode area for the fundamental 
mode can be calculated by using (Raei et al. 2018).

where E is the transverse electric field over the cross-section of the PCF.
The variation of the nonlinear coefficient and the effective mode area as functions 

of wavelength have been shown in Fig.  6. The nonlinear coefficient is inversely pro-
portional to the effective mode area, so for both #F1 and #F2, increasing the effective 
mode area with wavelength reduces the nonlinear coefficient. The small effective mode 
area and high nonlinear coefficient are beneficial factors for SC generation, but in the 
long wavelength region, the effective mode area has a large value. The light is not well 
confined in the core leading to leakage of modes to the cladding, which is the cause of 
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Table 3  The structure parameters and the characteristic quantities of proposed PCFs at the pump wave-
length compared with other publications on  C7H8-infiltrated PCFs

# Dc (µm) Λ (µm) d1/Λ Aeff (µm2) γ  (W–1.km–1) D (ps/(nm.km))

#F1 1.314 0.9 0.45 2.527 2699.919 0.489
#F2 1.4 1.0 0.5 2.632 2592.282  – 1.534
#F1 ( Thi et al. 2022) 1.16 1.0 0.7 1.221 7827.614 – 0.557
#F2 (Thi et al. 2022) 4.64 2.5 0.3 10.497 899.836 1.502
#I_0.3 (Van et al. 2017) 3.28 2.0 0.3 7.79 2132.575  − 7.784
#I_0.35 (Van et al. 2017) 2.8 2.0 0.5 78.9 2890.276  − 1.19

Fig. 6  The effective mode area 
and nonlinear coefficient of the 
fundamental mode for #F1 and 
#F2 fiber



 T. N. Thi et al.

1 3

   93  Page 12 of 22

the increase in effective mode area as the wavelength increases. Furthermore, the small 
cores often exhibit better light confinement efficiency than large cores, so #F1 fiber has 
a smaller effective mode area than #F2 fiber in the investigated wavelength range. How-
ever, the difference in effective mode area at 1.55  μm pumps wavelength of the two 
optimal fibers is not large, equal to 0.105 μm2. The limit of core diameter increase is 
also a factor to keep in mind when simulating the optical properties of PCF because the 
higher-order modes will appear in the fiber core if the effective mode area is too large. 
This will not benefit the SC generation. With the same pump wavelength of 1.55 μm, 
the effective mode area of the fundamental mode of fibers #F1 and #F2 are 2.527 μm2 
and 2.632 μm2, respectively. These values are much smaller in comparison with previ-
ous publications of PCF with  C7H8 infiltration (Hoang et al. 2018; Thi et al. 2022; Van 
et al. 2017). As expected, the nonlinear coefficients of #F1 and #F2 are relatively high, 
2699.919   W−1.km−1 and 2592.282   W−1.km−1, respectively. The small dispersion and 
high nonlinear coefficients will be favorable conditions for the broad SC spectrum with 
low peak power.

Loss of the proposed fibers are shown in Fig. 7. In our model, the confinement losses 
are neglected, and only material losses of toluene contribute to the fiber losses. The fib-
ers have a low loss in the visible range. However, it exponentially increases in the long 
wavelength range, and the peak is up to 600 dB/m at λ = 1.68 µm. We did not character 
the loss for further long wavelength (λ > 1.75 µm) because of the lack of reliable data in 
the state-of-the-art and limitation of the versatile wavelength range of available spec-
trometer in our lab. Therefore, in our model, we assume that the fiber losses in the long 
wavelength range have a value of 600 dB/m (equal to the peak value).

The losses of fibers are taken into account in our model for the simulation of SC gen-
eration. Notwithstanding, the effect of fiber losses is not visible in the spectral broaden-
ing because the high nonlinear refractive index of toluene enables to broad bandwidth 
of the SC spectrum induced in a short propagation (a few centimeters). For instance, 
a 10 cm fiber sample of the proposed fibers is used for octave spanning SC generation 
with low peak power of input pulses.

Table  3 shows the structural parameters and the characteristic quantities of the 
two proposed PCFs at the pump wavelength compared with other publications on 
 C7H8-infiltrated PCFs (Thi et al. 2022; Van et al. 2017).

Fig. 7  The loss of the proposed 
fibers
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4  Supercontinuum generation in proposed fiber

The higher-order dispersions are calculated through the development coefficients of the 
Taylor series around the center wavelength ω0, and the expansion of the propagation 
constant (β) can be obtained by (Agrawal 2013).

Then the nth order dispersion term can be calculated by taking the derivative of β 
concerning the angular frequency ω (Raei et al. 2018). Thus

In our numerical modeling, the high-order dispersions at the pumping pulse fre-
quency are shown in Table 4.

The analyzed chromatic dispersion and nonlinear properties above exhibit the large 
potential to generate SC for the proposed  C7H8-filled PCFs. The refractive index of the 
medium is changed drastically due to the infiltration of  C7H8 into the core and the flex-
ibility in structural design, which leads to the nonlinear effects in SC generation. The 
propagation of pump pulses in a nonlinear medium such as PCF can be described by the 
Schrödinger equation (GNLSE) which is given by the Eq. 9 (Dudley and Taylor 2010):

where A(z, �) is Fourier transform of the amplitude of a pulse A(z, T) , and R(T �) is the 
Raman response function. The left side of Eq. (9) depicts the linear propagation effects of 
the fiber, �̃� and 𝛽  are attenuation and dispersion in the frequency domain, respectively.

The response function R(T �) depends on nonlinear mechanisms original from bound-
electron and molecular, such as molecular reorientation, molecular interactions, col-
lision-induced polarizability, and electronic response. Formula of R(T �) is written in 
Eq. 10 (Hoang et al. 2018).
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Table 4  The coefficient of high 
order dispersion at the pump 
wavelength

Coefficients #F1 #F2

β2  (ps2/m) –5.7 ×  10–4 2 ×  10–3

β3  (ps3/m) 8.42 ×  10–5 – 1.88 ×  10–6

β4  (ps4/m) –2.64 ×  10–7 1.59 ×  10–7

β5  (ps5/m) –3.49 ×  10–10 3.03 ×  10–10

β6  (ps6/m) 4.56 ×  10–11 – 6.35 ×  10–11

β7  (ps7/m) –2.58 ×  10–13 9.31 ×  10–13

β8  (ps8/m) –7.09 ×  10–15 3.22 ×  10–14

β9  (ps9/m) –2.30 ×  10–17 – 1.17 ×  10–15

β10  (ps10/m) 5.06 ×  10–18 2.37 ×  10–18

β11  (ps11/m) –5.65 ×  10–20 5.74 ×  10–19
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In which, the subscripts el, d, l, c indicate the bound-electronic, molecular reorienta-
tion, molecular interaction, and collision-induced, respectively, the coefficient C2l,2d,2c are 
normalized constant and N = (n2el + n2c + n2d + n2l). g(ω) is the distribution function of libra-
tional motion as given in Eq. 11.

In which, ω0 and σ are are the center frequency and bandwidth, respectively. In the 
response function R(t’) we assumed that n2el = 0.6 ×  10–19  m2.W−1, n2d = 3 ×  10–19  m2.W−1, 
τr,d = 0.25 ps, τf,d = 2.1 ps, n2l = 1.2 ×  10–19  m2.W−1, n2c = 0.12 ×  10–19  m2.W−1, τr,c = 0.25 ps, 
τf,d = 0.2 ps, ω0 = 11  ps–1, σ = 8  ps–1 (Hoang et al. 2018).

The symmetry split-step Fourier transform method is used to solve Eq. (9). In this con-
text, the total path of the pulse propagation in the fiber is divided into very short sections 
with a length of 2 ×  10–4 m. The time window is 22 ps divided into N =  213 sections (i.e., 
the time resolution of 2.7 fs, or 0.2856 THz).

We have carried out our numerical calculations for the proposed fibers with short 
lengths of 10  cm and 1  cm, the broad spectra generated with low peak power strongly 
depends on the anomalous and all-normal dispersion regime. Regarding the thermal prop-
erties of the proposed optical fibers, further enhancing the pump power is a consideration 
during SC generation. The higher energy for the longer times can lead to the burning of 
toluene (Hoang et al. 2018). Although the two optimal fibers exhibit different dispersion 
properties, the pump wavelengths were chosen at 1.55 μm, which is close to the maximum 
point of the dispersion curve to obtain the minimum dispersion value beneficial to the SC 
process. Normally, SC generation with anomalous dispersion PCFs requires a higher peak 
power than all-normal dispersion PCFs and its SC spectrum is also broader.

Figure  8 illustrates the evolution of the simulated SC over a propagation distance of 
10 cm of #F1 fiber length. A narrow incident pulse of 90 fs duration is pumped at the wave-
length of 1.55 μm with an input pulse energy varying from 0.001 nJ to 0.05 nJ correspond-
ing to a peak power from 0.011 kW to 0.556 kW in the 5 dB dynamic range caused the SC 
spectrum to expand and the SC bandwidth to increase with the increase of peak power. The 
SC spectrum expansion for fibers with anomalous dispersion regime is explained based on 
soliton dynamics with typical effects such as SF, SSFS and DW (Dudley et al. 2006). It is 
difficult to find the symmetry of the SC spectrum in this case because of the existence of 
solitons. We observe that the spectrum is more broadened towards the redshifted wave-
lengths and restricted on the opposite side i.e. blueshifted wavelength. The Raman soliton 
self-frequency shift pushes the soliton components to shift towards the low-frequency as 
the solitons travel at a further propagation distance which causes the spectrum to widen 
towards the red side. Meanwhile, the influence of high-slope dispersion at high frequencies 
is the reason for the limitation of spectral expansion on the blue side. On the other hand, 
when the input pulse energy is large, the DW components generated from the four-wave 
mixing (FWM) process also contribute to the limitation of SC spectrum expansion because 
they propagate without any frequency shift (Van et al. 2021; Alam et al. 2021).

The SC spectral bandwidth increases with the input pulses’ energy indicated in 
Fig. 8a. We observe that most of the SC spectrum is noisy, which is commonly occurred 
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when generating SC with an anomalous dispersion regime of PCFs. The symmetry of 
the SC spectrum and the small bandwidth are two typical features for the main domi-
nance of the SPM effect when the input pulse energy is low, 0.001 nJ corresponding 
to 0.011 kW of peak power. Obviously the peak power of the input pulse is not high 
enough for the soliton to appear in this case. As the peak power rises, the symmetry 
of the spectrum disappears. Instead, the right side of the spectrum shifts gradually 
towards the red wavelength and the spectral width becomes larger. The SF occurs at an 
input pulse energy of 0.003 nJ (about 0.033 kW) and continues to influence the spec-
tral expansion as the peak power is further increased. But unfortunately, we find that 
the spectrum width does not increase anymore when the input pulse energies are 0.03 
nJ (the peak power is about 0.33  kW) and 0.05 nJ (about 0.556  kW). For these two 
cases, the bandwidth difference is not large, even the spectrum on the red-side almost 
coincides. The reason for this limitation of spectral broadening is the high steep dis-
persion in the short-wavelengths and large effective mode area in the long-wavelength 
of #F1 fiber. When the peak power increases to the maximum value of 0.556 kW, SC 
generation has the broadest spectrum spanning from 800 to 2800 nm with an FWHM of 
1897.3 nm (Fig. 8b).

Fig. 8  For #F1 fiber: a the output spectrum for various input pulse energies when using pump pulses with 
1.55 µm pump wavelength and 90 fs duration, b the output spectrum with the input pulse energy of 0.05 nJ, 
c the temporal profile versus propagation length at various input pulse energies, and d the pulse evolution of 
the SC along with fiber
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Figure 8c and d show the temporal profile at various propagation lengths and the pulse 
evolution of the SC along with the fiber. With a peak power of about 0.556 kW (corre-
sponding to the input pulse energy of 0.05 nJ), the SC spectrum is symmetrically broad-
ened within a few millimeters of the initial propagation due to the SPM effect. Since pump 
wavelength (1.55 µm) is close to the ZDW (1.54 µm), a fraction of the spectrum is induced 
by SPM across the ZDW and experienced in the normal dispersion regime before soliton 
fission occurs. A new wavelength band around 0.8 µm is generated by the FWM at a propa-
gation distance of about 5  mm. The spectrum broadens towards the blue-side, which is 
attributed to OWB due to the interference of the SPM-induced spectrum’s trailing with 
the pulse tail (Van et al. 2022). The soliton fission appears at 2 cm of propagation length, 
a high-order soliton begins to split into a series of fundamental solitons owing to higher-
order dispersion and Raman scattering (Dudley et al. 2006; Dudley and Taylor 2010). The 
soliton spectrum is shifted towards the red-side causing the bandwidth to expand from 800 
to 2800  nm. However, the spectrum will be more difficult to expand if the peak power 
continues to increase because of longer wavelengths moving more slowly in the anomalous 
dispersion region (Roy et  al. 2010) and the large effective mode area on the long-wave-
length side.

#F2 fiber with all-normal near-zero ultra-flattened dispersion will meet the requirement 
to generate a flat and wide SC spectrum with low peak power. SPM followed by OBW 
are the main nonlinear effects that help us to explain the SC spectral broadening when the 
fiber is pumped in an all-normal dispersion regime. With a pump wavelength of 1.55 μm, 
a duration of 40 fs, a narrow pulse propagating in 1 cm of the #F2 fiber length, interacting 
with the nonlinear medium, causes the SC spectrum to broaden. The relationship between 
the SC spectrum widths and the input pulse energy was set up in the range 0.001–0.015 nJ, 
corresponding to the peak power from 0.025 to 0.375 kW displayed in Fig. 9a. The simu-
lation results show that the spectral width will increase with an increase in peak power. 
With a low peak power of 0.011 kW and 0.075 kW (for 0.001 nJ and 0.003 nJ input pulse 
energies, respectively), the output pulse is symmetric because only the SPM effect occurs. 
The spectral expansion in this case is also limited. As soon as the peak power is further 
increased, the symmetry of the SC spectrum is gone. The SPM effect only dominates the 
spectral broadening around the central wavelength at a few millimeters of the propagation 
length. Then the spectrum is broadened in the wings due to OWB through the FWM effect 
at a longer propagation distance. In the case of the peak power of 0.15 kW (0.006 nJ of 
input pulse energy), the OWB begins to show its influence at a wavelength of 1.1 μm. This 
effect occurs at a shorter wavelength with the further increase of the input pulse energy. 
When the peak power reaches the maximum value of 0.375  kW, which corresponds to 
0.015 nJ input pulse energy, the SC spectrum spans the wavelength range of 800–2100 nm 
with an FWHM of 1163.7 nm (Fig. 9b).

Figure  9c and d present the temporal profile at various propagation lengths, and the 
pulse evolution of the SC along with the fiber. In the case of peak power of 0.375 nJ, the 
spectrum has been symmetrically broadened when propagating a very short distance from 
the initial propagation length because of the main contribution of SPM. The blue-shifted 
(trailing) edge and the red-shifted (leading) edge of the pulse are observed in Fig.  9d, 
which is typical for the main influence of the OWB effect and the spectrum broadens 
asymmetrically toward shorter and longer wavelengths. At a propagation length of about 
4 mm, OWB occurs at the trailing edge of the pulse and the newly generated wavelengths 
appear around 0.8 μm. This is due to the following reasons: ’’the SPM-induced spectrum 
experiences effects of the dispersion in further propagation, and the new short-wavelengths 
generated by SPM at the trailing edge travel slower than the pulse tail at the center of the 
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pulse. The interference of the pulse tail and the slower wavelengths leads to the onset of 
OWB, and the new wavelengths can be created via four-wave mixing (FWM)’’ (Van et al. 
2019; Hoang et al. 2019). However, the spectral expansion on the short wavelength side 
is limited by the high slope of the dispersion (Van et al. 2022). At the same time, the low 
nonlinear coefficient and high loss in the long-wavelength range of the #F2 fiber make the 
spectrum not extend further in this side. We achieve the broadest SC spectrum covering 
800 nm to 2100 μm of the wavelength within the 5 dB dynamic range. With the proposed 
#F2 fiber, the wavelength range of the generated SC is significantly wider than that in the 
work (Hoang et al. 2018; Thi et al. 2022; Van et al. 2017) due to the combined effect of 
SPM and near-zero ultra-flattened dispersion. Additionally, the length of PCF is enor-
mously small, thereby reducing the propagation losses (Maji and Chaudhuri 2014).

The simulation parameters for two fibers #F1 and #F2 are typical for several fiber fem-
tosecond lasers reported previously (Sobon et al. 2016). The spectral evolution in Figs. 8c 
and 9c shows that the spectral expansion in the propagation length depends on the attenu-
ation of toluene. For fibers with all-normal dispersion (in case of maximum input energy), 
the continuum is fully broadened from 1.1 to 1.75  µm. It flattens after 4  mm of fiber 
length and its intensity increases slightly until 1 cm of the fiber length (Fig. 8c). As the 
pulse propagates further, the high loss of the fiber dominates. The spectrum should begin 

Fig. 9  For #F2 fiber: a the output spectrum for various input pulse energies when using pump pulses with 
1.55 µm pump wavelength and 40 fs duration, b the output spectrum with the input pulse energy of 0.015 
nJ, c the temporal profile versus propagation length at various input pulse energies, and d the pulse evolu-
tion of the SC along the fiber
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to truncate at the toluene absorption wavelength but the spectrum broadens to 2100 nm 
towards the red-side thanks to ultra-flat near zero dispersion of fiber. The short fiber length 
of 1 cm is an advantage for spectral shaping after SC generation occurs within the first few 
millimeters of the fiber (Van et al. 2017). With the anomalous dispersion mode, the result-
ing spectrum is no longer flat (Fig. 9c). However, the spectrum extends to 2800 nm towards 
the red-side due to the fiber’s advantages such as small flat dispersion and high nonlinear 
coefficient. At a very short propagation distance, only a few millimeters of fiber length, SC 
generation occurs fastly due to the low attenuation and high nonlinearity of toluene, the 
spectrum is shaped after about 2 cm of propagation and extended until 10 cm length of the 
fiber.

Thus, the choice of fiber length in the SC generation is an essential factor in PCF fab-
rication because it is related to the attenuation of liquids infiltrated into the hollow core of 
the PCFs. The proposed fibers with assumed length greater than 10 cm were not investi-
gated in this work. The cost of manufacturing PCFs is in fact quite expensive, so short fiber 
lengths are more favorable.

5  Conclusion

In this work, we reported the numerical simulation for SC generation in  C7H8-filled core 
PCF with the femtosecond lasers as the pump sources. With the modification of structure 
parameters, the distance from the core to air-holes of the first ring is suitably adjusted to 
achieve a near-zero ultra-flattened dispersion, as small as 0.947  ps/(nm.km) is obtained 
over a broadband of 500 nm. The fibers also have a smaller and flatter dispersion than those 
with liquids infiltration in previous works (Hoang et al. 2020, 2019, 2018; Van et al. 2021, 
2020, 2017; Tran et al. 2020; Thi et al. 2022). Thus, they enable broad SC generation with 
low peak power. From the preliminary fiber design, we selected two fibers with optimized 
dispersion characteristics and analyzed SC generation in each when pumped with pulses 
having a 1.55 µm central wavelength, 40 and 90 fs duration, respectively.

#F1 fiber, with lattice constant Λ = 0.9 µm and filling factor d1/Λ = 0.45 has the anoma-
lous dispersion regime. In this fiber, SC is mainly induced by soliton dynamics spanning 
the range of 700 to 2800 nm with low input pulse energy of 0.05 nJ corresponding to the 
peak power of about 0.556 kW.

#F2 fiber, with Λ = 0.9 and d1/Λ = 0.5, exhibits all-normal dispersion regime. With input 
pulse energy of 0.015 nJ (the peak power of 0.375 kW), #F2 fiber offers the flat and broad 
SC with a spectral bandwidth of 800–2100 nm within 5 dB. The SC generation is induced 
by SPM at the center of the spectrum and OWB at the spectrum wings.

A flexible combination of different ways including modification of structural parameters 
in the first cladding ring, and choice of fluids infiltration leads to the high nonlinearity and 
ultra-flattened dispersion of proposed PCF. These fibers offer a broader bandwidth with 
much lower input pulse energy when compared to previous  C7H8 infiltrated PCF (Hoang 
et al. 2018; Thi et al. 2022; Van et al. 2017). The proposed designed model can be a new 
class of fibers for all-fiber SC sources as an alternative to glass core fibers for the next gen-
eration of a broadband source.
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