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Abstract: We present a novel study on the dispersion properties of suspended-core fibers fabricated
from arsenic selenide glass infiltrated with carbon disulfide. This specific fiber structure, to our
knowledge, has not been studied previously. By replacing air holes with carbon disulfide, a
significant modification of the dispersion characteristics is achieved, providing flattened and close-
to-zero dispersion characteristics in both dispersion regimes. This unique dispersion engineering
makes CS:-infiltrated As:Ses suspended-core fibers highly promising for generating smooth and
broadband supercontinuum spectra in the near-infrared region. These results highlight the
unexplored potential of this suspended-core fibers for advanced nonlinear photonic applications.
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1. Introduction

Based on their geometry, microstructured optical fibers (MOFs) are generally classified into two
main categories: hollow-core and solid-core fibers [1-8]. In hollow-core MOFs, the core is typically gas
or air (with a low refractive index), while the cladding is made of a high-index material. Light is guided
and confined inside the hollow region not by total internal reflection, but primarily through the photonic
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bandgap effect or anti-resonant reflection (depending on the design), enabling efficient power
transmission an attractive feature for optical spectroscopy [1]. Nevertheless, a major limitation of
hollow-core MOFs is their relatively narrow operational spectral range [2]. Conversely, in solid-core
MOFs, light propagation relies on total internal reflection, producing supercontinuum generation (SCG),
while only a small fraction of the power couples into the surrounding holes [6-8]. A notable subclass of
solid-core MOFs is the suspended-core fiber (SCF), which typically consists of a core with a diameter
in the micron or submicron scale held in place by three thin glass bridges [9, 10]. SCFs are also attractive
for nonlinear optics application due to the strong confinement of light in the small core [11].
Furthermore, adjusting the core’s size and geometry can induce significant birefringence or enhanced
nonlinear effects, thereby enabling SC generation with potential applications in areas such as biomedical
imaging and chemical sensing [6, 12].

In recent decades, the mid-infrared (mid-IR) region has attracted increasing interest due to its ability
to reveal the chemical composition of organic substances through distinct spectral fingerprints [13].
Mid-IR light is particularly important for a variety of applications, including gas detection [6], medical
diagnostics [11], and food quality assessment [ 14]. While fused silica fibers have been widely employed
to generate broadband SC in the visible and near-IR regions [6], they suffer from intrinsic transmission
limits that restrict their performance in the mid-IR. This limitation motivates the use of alternative
nonlinear media beyond silica. To address this challenge, fibers based on non-silica glasses such as
tellurite [15], heavy-metal oxide [16], and chalcogenide glasses (ChGs) [17] have been developed for
mid-IR SC generation. Additionally, photonic crystal fibers (PCFs) with air holes infiltrated by different
liquids have been proposed [18-20]. Liquid infiltration provides a flexible approach to tuning fiber
dispersion without altering the structural dimensions, enabling substantial modifications of the
dispersion profile.

To meet various application requirements, PCFs are developed with various geometric core
structures, such as square, circular, regular hexagonal, octagonal, and suspended cores. In particular, the
SCF stands out as an ideal candidate for enhancing improving nonlinear effects and dispersion
optimization. Because of its vital contribution to nonlinear optical studies, SCF has been the focus of
considerable investigation in recent years. The concept of “suspended-core fiber” was initially proposed
by Monro et al., in 2001 [21], followed by works on SCFs made from lead silicate and tellurite glass
with high nonlinearity and anomalous dispersion [22, 23]. Next, studies on SCF with sensor applications
were introduced [24, 25]. Since then, SCFs have emerged as a distinctive subclass of microstructured
fibers.

To improve the SCG generation performance, both theoretical and experimental investigations have

examined the influence of the core diameter together with the shape, size, number, and thickness of the
glass bridges in SCFs, aiming to enhance birefringence and nonlinear responses. Nevertheless,
extending the SC spectrum into the mid-IR range remains difficult when using silica-based PCFs,
primarily because of the high phonon energy and intrinsic losses of pure silica [9, 26-28]. As a result,
SCFs made from soft glasses have garnered significant attention from scientists due to their high linear
refractive index, strong Kerr nonlinearity, mid-to-far infrared optical transparency, exceptional clarity,
and enhanced rare-earth solubility [29, 30].
Recently, researchers have explored liquid infiltration in silica-based SCFs, where air holes were filled
with liquids such as water [31], CHCI; [32], and butanol [33]. Similar approaches have also been applied
to ChGs-based SCFs ( [e.g., PBG-08 [29], NC21A [34], As2S3[35]), particularly with water infiltration,
to investigate SCG. Such techniques allow dispersion properties to be modified without altering the
geometrical parameters of the fiber, offering greater flexibility in dispersion management. To our
knowledge, despite these advances, SCFs made of As;Ses infiltrated with CS; have not yet been reported,
leaving their potential for dispersion engineering and broadband SCG largely unexplored.
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Based on the above analysis, this paper, for the first time, proposes optimizing the dispersion
properties of SCFs using As>Ses glass as the substrate material and CS»-infiltrated air holes. We selected
As>Ses as the substrate material to achieve high nonlinearity while mitigating fabrication difficulties.
Owing to its relatively low softening temperature (=180°C), As,Ses enables easier realization of such
deformed air-hole structures compared with other highly nonlinear glasses [36, 37]. This study is driven
by the interest in CS,, a commonly available solvent characterized by wide spectral transmission, high
nonlinearity, and the absence of significant Raman scattering within its transparent region [38].

The remainder of this paper is arranged as follows. Section 2 introduces the design of the SCF.
Section 3 presents and discusses the results, with particular emphasis on the influence of geometrical
parameters and the materials infiltrated into the air holes on the fiber characteristics. Finally, Section 4
highlights the principal results and provides the conclusion.

2. Numerical Modeling
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Figure 1. (a) Cross-sectional schematic diagram of CS»-filled SCF with three bridges (b) The light is confined in
the core of CS;-filled SCF with w/r. = 0.8.

The sensitivity of SCFs to parametric and geometrical modifications allows them to control their
optical properties precisely. Such waveguides are characterized by a few basic parameters: Rjor (air hole
radius), 4 (pitch), . (core radius), and w (the width of the bridge) as depicted in Fig. 1. Our SCF, which
has three air-hole suspended structures, has cores connected to the glass bridge by circular arc-shaped
linkers. The holes are infiltrated by CS, with a refractive index n = 1.628 in the As,Ses background [38].
If the SCF is designed from the commercially available MODE Solutions software, the finite element
method (FEM) is responsible for the mode analysis [39]. It is worth noting that backscattered radiation
can give rise to unwanted effects at the simulation boundaries. Therefore, a perfectly matched layer has
been added outside the SCF structure to increase the reliability of the obtained results [40]. In this work,
we fix the core radius with 7. = 0.5 pm, which is within the allowable range of the conventional Stack-
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and-draw technology [31]. The ratio between the width of the bridge and the core radius should be
optimized to reach the preeminent results for dispersion D. As a result, structures with w/r. in the range
of 0.55—0.95 are studied. The value of A4 in our SCF model is determined by the expression A = 2Rpo
+ w. Air hole radius Ry is determined by formula 1, where A is the number of bridges. Figure 1b shows
the field intensity distribution of fundamental modes for the CS,-filled SCF with w/r. = 0.8. The
maximum intensity is observed at the central region of the core.

R, = B—VC sm(ﬁﬂ/{sm(ﬁj—l}
N N M

The real part of the refractive index n of As,Ses; and CS; is calculated as a function of wavelength
using the Sellmeier formula in Egs. (2, 3) [41, 42].
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Fig. 2 shows the real part of refractive index n of As,Ses and CS, with wavelength. It can be seen
that the refractive index of As,Ses is always greater than that of CS,. Light transmitted in SCF with an
AssSes-core follows the same total internal reflection mechanism as that of conventional optical fibers.
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Figure 2. The real part of the refractive index n of As>Ses and CSo.

The value of chromatic dispersion D for SCFs can be calculated from the wavelength derivative of
the real part of the effective refractive index Re/ney/, and is expressed by the following relation, with ¢
representing the velocity of light in vacuum [43]

_i o’ Re[n,]

D= 2
c 04 (4)
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Table 1. Structural parameters of the investigated fibers

N W N Rhole A
0.55 0.275 3 2.21 4.69
0.6 0.3 3 2.11 4.52
0.65 0.325 3 2.02 4.36
0.7 0.35 3 1.93 4.20
0.75 0.375 3 1.83 4.04
0.8 0.4 3 1.74 3.88
0.85 0.425 3 1.65 3.72
0.90 0.45 3 1.55 3.55
0.95 0.475 3 1.46 3.395
3. Results and Discussion
300 T T T T T T T T T
2007 ‘}.""*.i-:::...::.::... 1
e T T . T
100 - J‘i"r" Tl . |

Air 8CF
memn it = (.55 wite = (.80
= =wirc  0.60 ==1virc ~ 0.85

Dispersion (ps/nm/km)
=
=

_400 wite= 0.65 = =wic= 090 1
= ewire= 070 =eme wite = 0.95
=eeewire (.75
_500 . | | L
1.5 2 25 3 35 4
Wavelength (gom)
(a)
300 T T T T T
200 1
100
_
g 10} [ i
=
g £
T e e L s 2
= E
= E
~ g
= -100 - 1 =
2 £
4 4
5200 F . g
=3 L s
=5 CSp-filled SCF =]
| 300 wie= 0.55 = =wic= 0.80
400+ —* =wirc= 0.65 =¥ wirc = (.90
¢— 070 ===ywire — 0,95
| i wire= (.75 | |
-500
1.5 2 35 4

25 3
Wavelength (pm)

(b)
Figure 3. The dispersion properties of (a) unfilled SCF and (b) CS,-filled SCF.
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To evaluate the capability of tailoring dispersion in SCFs, we carried out simulations considering
different ratios between the bridge width and the core radius (w/r.). In particular, the dispersion of the
fundamental mode was analyzed for two cases: an SCF with air holes and a CS;-infiltrated SCF, both
sharing identical structural parameters (Fig. 3). For clarity, we define the near-zero dispersion (NZD)
region as the spectral range where the dispersion remains between -100 and 100 ps/nm/km. Such
dispersion profiles are highly favorable for efficient supercontinuum generation.

Considering the scalability of spinning technology, it can be assumed that the overall diameter and
related parameters can be adjusted within a feasible range. Hence, in order to provide a more
comprehensive analysis, our simulations were performed using several rescaled parameter sets relative
to those employed in fiber fabrication. The proposed parameter values are summarized in Table 1.

Fig. 3a shows the effect of varying w/r. on the dispersion in the case of the SCF infiltrated with air.
Looking at the figure, the SCF infiltrated with air has varying dispersion at different wavelengths, and
all fibers have an anomalous dispersion regime. The resulting dispersion curves include anomalous
dispersion with two zero-wavelength dispersions (ZWDs). In this survey, we observed representative
SCF characteristics featuring relatively high anomalous dispersion and ZDWs exceeding 1750 nm.

In the next step, we performed a dispersion study for the SCF infiltrated with CS, case with the same
structural parameters. Fig. 3b illustrates the dispersion profile of the SCF filled with CS.. We can see
that the dispersion characteristics of the CS;-filled SCF have a clear change compared to the previous
air-infiltrated SCF. The all-normal dispersion configuration usually appears at the structures w/r. = 0.8
and w/r. = 0.85, which the air-infiltrated SCF does not achieve.

Our findings indicate that the w/r. ratio of the SCF governs the shift of the dispersion curve relative
to the dispersion axis and defines the locations of the first and second ZDW. Table 2 shows the ZWDs
values for the studied SCFs. The position of ZDW; is shifted toward the long wavelength as w/r.
increases. The position of the second ZDWs is shifted toward the short wavelength if w/r. increases for
both cases of the studied SCFs. The change of w/r. leads to further change of dispersion characteristics.
As the w/r, ratio rises, dispersion flattens, the ZDW is displaced, and all curves shift closer to the normal
dispersion region.

Table 2. The values of ZDW of the SCF with various values of w/r.

W/t Unfilled SCF CS,-filled SCF
ZDW| (um) ZDW; (um) ZDW| (um) ZDW, (um)
0.55 1.854 3.667 2.091 2.91
0.6 1.867 3.577 2.113 2.849
0.65 1.882 3.485 2.143 2.783
0.7 1.897 3.395 2.185 2.7
0.75 1.918 3.307 2.247 2.596
0.8 1.944 3213 - -
0.85 1.973 3.121 - -
0.90 2.011 3.01 - -
0.95 2.055 2.887 - -

We observed that when the air holes of SCF are infiltrated with CS,, the dispersion characteristics
are flatter and the small dispersion value lies in the near-zero dispersion range. This is very good for the
generation of high-performance supercontinuum.

When targeting efficient broadband SCG, the air-filled SCFs considered in this study are not viable,
as their dispersion profiles do not coincide with the NZD band. The infiltration of CS: into the air holes
leads to a pronounced modification of the dispersion behavior in SCFs. Compared with air-filled SCF,
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CS; infiltration consistently produces flatter dispersion profiles. Such behavior has also been widely
reported in all-solid PCF [30]. This is a result of reducing the contrast in the fiber structure and
introducing materials with non-zero material dispersion instead of air.

All CS»-filled SCF have flat dispersion characteristics. In particular, the dispersions of the fibers
with w/r. = 0.7, w/re = 0.75, w/rc = 0.8, and w/rc = 0.85 are consistent with the NZD band. The w/r. =
0.7 and w/r. = 0.75 fibers have anomalous dispersion profiles. Therefore, these fibers are good
candidates for generating a broad supercontinuum spectrum. Meanwhile, the w/r. = 0.8 and w/r. = 0.85
fibers have a completely normal dispersion profile in all the infrared bands considered. These two fibers
are both good candidates for generating a soliton-driven supercontinuum.

A PCF with low and flat dispersion is essential for SCG, as it governs the quality of the output
pulses. Therefore, we proposed two optimal fibers for SCG in this study, which are CS,-infiltrated SCF
with parameters w/r. = 0.75 and w/r. = 0.8, respectively, shown in Fig. 4.
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Figure 4. The dispersion properties of the proposed PCFs.

The first fiber, labeled #F1 with w/r.= 0.8, exhibits an all-normal, flat, and near-zero dispersion
profile, making it a promising candidate for generating SC with a broad spectrum, uniform intensity,
and high coherence. The pump wavelength is set at 2.4 pm, which is close to the maximum of its
dispersion curve. In contrast, the second fiber, #F2 with w/r. = 0.75, demonstrates a flat anomalous
dispersion regime, allowing for the generation of a broader SC spectrum compared to the all-normal
dispersion case. For this fiber, the pump wavelength of 2.3 um is chosen, which lies above its ZDW.
The dispersion values at the pump wavelength for fibers #F1 and #F2 are —1.63 ps/nm/km and 7.34
ps/nm/km, respectively. The loss, effective mode area, and nonlinear coefficient of fiber #F1 at the pump
wavelength of 2.4 pm are 19.16 dB/m, 1.16 pm?, and 51.88 (W-1.km™), respectively. In contrast, for
fiber #F2 at the pump wavelength of 2.3 pum, the corresponding values are 9.64 dB/m, 1.12 pm?, and
56.07 (W' km™), respectively.

The results from the above analysis demonstrate that it is possible to control the zero dispersion
wavelength and the shape of the dispersion characteristics of SCF fibers by filling the holes with CS..
When CS; is filled into the holes, the dispersion curve decreases. The dispersion curves are flatter and
closer to the near-zero dispersion band. The proposed SCF fibers are good candidates for SC generation
applications with a broad spectrum and low peak power.
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4. Conclusion

In this study, we demonstrated that infiltrating the air holes of SCFs with CS. markedly alters the
dispersion behavior of SCFs fabricated from As2Ses glass. The resulting fibers exhibit flattened and
reduced dispersion compared to conventional air-hole SCFs, with variations typically remaining below
100 ps/mm/km. Such flat dispersion is crucial for achieving efficient supercontinuum generation.
Additionally, the zero-dispersion wavelength was found to shift toward longer wavelengths. This
adjustment of dispersion properties, together with the alignment of the ZDW with the pump wavelength,
is highly desirable for broadband SCG. The proposed SCFs show low dispersion in both the normal and
anomalous regimes, confirming their strong potential for generating supercontinuum light with
broadened output spectra.
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