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Abstract 

In the last few decades, silica-based photonic crystal fibers (PCFs) have been the subject of extensive research. 
Traditional silica-based PCFs, however, experience considerable propagation loss when used beyond 3000 nm. On 
the other hand, soft glasses, notably tellurite, fluoride, and chalcogenide glasses, offer exceptional optical transpar-
ency in the mid-IR wavelength region and are a desirable replacement for silica in MIR applications. A comprehensive 
investigation of chromatic dispersion properties in the hexagonal chalcogenide photonic crystal fibers is presented. 
The dependency of fiber dispersion on the structural parameters of photonic crystal fibers is thoroughly described in 
this study. Utilizing the interaction between material and geometrical dispersion, we were able to develop a well-
defined framework for making specific predefined dispersion curves. In the mid-infrared wavelength spectrum, we 
are concerned with flattened, if not ultra-flattened, dispersion behaviors. In the wavelength range of 3500–6500 nm, 
the hexagonal chalcogenide microstructured fiber was engineered to achieve a typical dispersion profile flattened to 
within −3.41 to 9.5 ps/[nm–km] for the six-ring structure and −3.91 to 8.17 ps/[nm–km] for the four-ring structure. 
This proposed chalcogenide PCF can be used for soliton generation, gas sensing, biomedical imaging, supercon-
tinuum generation, and long-distance high-speed communication applications in the mid-infrared wavelength range 
due to its nearly zero ultra-flattened dispersion characteristics.
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optical fibers, Chalcogenide photonic crystal fiber, Dispersion-flattened, Chromatic dispersion, Ultra-flattened 
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1  Background
The unique kind of optical fibers known as photonic crys-
tal fibers (PCFs) has a periodic arrangement of micro-
capillaries that forms the cladding of the fiber around a 
solid or a defective hollow core. The term "photonic crys-
tal fiber" is derived from the distinctive cladding struc-
ture of this fiber type, in which the index differences are 
achieved by assembling a matrix of several materials with 
high and low refractive index. By doing this, a hybrid 

material is produced that has unique features that are 
not found in solid materials and an extent of index con-
trol that is not possible using conventional fibers. When 
compared to typical optical fibers, the PCFs’ inherent 
versatility of design makes for a whole new range of novel 
characteristics, such as indefinitely single-mode trans-
mission, extraordinarily high nonlinearity, high birefrin-
gence, and controllable dispersion. PCFs are commonly 
used in various fields such as optical communication and 
sensing because of these properties [1, 2].

In the last decade, some of the most advanced research 
and development have been carried out in the field of 
photonic crystals and their applications. Some of the 
notable developments are as follows: In [3], an effort 
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has been made to enhance the photonic bandgap width 
in a photonic crystal (PC) structure formed of a super-
conductor and a dielectric. A ternary photonic crystal 
has been used in photovoltaic applications as an opti-
cal broadband angular reflector in [4]. A 1D gyroidal PC 
structure has been designed for heavy metal concen-
tration detection in fresh water in [5]. The tunability of 
transmission spectrum of a one-dimensional silica-based 
photonic quasicrystal has been studied in terahertz fre-
quency range in [6]. In [7], a 1D ternary annular porous 
silicon PC has been designed for detection of chemical 
and biofluids. In [8] and [9], a PC-based optoelectronic 
device has been designed which can act as a temperature 
sensor with very high sensitivity. In [10], a wheel cladding 
with hexa-sectored core PCF has been designed for bio-
diesel fuel detection and monitoring. In [11] a 1D PC has 
been designed with a nanocomposite layer to be used for 
optical filtering applications in mode-locked lasers, solar 
cells, and optical switches.

In the last few years, there has been a lot of research 
into PCFs based supercontinuum (SC) laser sources that 
operate in the mid-infrared wavelength region. The wid-
ening of the spectrum caused by sufficiently powerful 
incident pulses propagating through a nonlinear medium 
is known as supercontinuum generation. Fiber-based 
supercontinuum (SC) laser sources covering the mid-
infrared (MIR) are of enormous attraction for unveiling 
the knowledge and facts about the chemical structure of 
the element and material as well [12]. Most of the mole-
cules experience vibrational absorption in the MIR wave-
length range and therefore the MIR SC laser sources can 
be used for MIR spectroscopy to trace out the concentra-
tion of a molecular species of interest in the atmosphere 

[13]. The MIR SC sources have countless applications in 
several fields such as gas sensing [14], medical diagnos-
tics [15], spectroscopy [16], and hyperspectral micros-
copy [17]. The atmosphere is transparent to the two 
spectral windows 3–5 µm and 8–13 µm and both the 
spectral windows lie in the MIR wavelength range. This 
will enable the SC sources to be used by industries as 
sensors to detect the poisonous and harmful gases in the 
atmosphere [18].

The main ingredients of glass are silicon and oxygen. 
Such glasses are oxide-based glasses.  Silica-based PCFs 
have been widely researched in the past few decades. 
When used above 3 µm , however, traditional silica-based 
PCFs suffer from significant propagation loss [19]. As a 
result, using silica fiber for nonlinear applications in MIR, 
such as supercontinuum generation, is challenging. Soft 
glasses, such as tellurite (e.g., Te O2 ), fluoride (e.g., Zr F4 
and Al F3 ), and chalcogenide (e.g., S, Se, and Te) glasses, 
on the other hand, have outstanding optical transpar-
ency in the wavelength ranges of 0.5–5 µm , 0.4–6 µm , 
and 1–16 µm , respectively, and are therefore an appeal-
ing choice to replace silica in MIR applications [20, 21]. 
It is seen in Fig. 1 that ChGs exhibit a significantly larger 
infrared transparency window than oxide-based glasses. 
ChGs’s IR transparency leads to a wide range of optical 
applications, as seen in Fig. 2.

Also, MIR SC sources based on soft glasses, notably 
chalcogenide, are required to perform applications in 
the MIR atmospheric windows due to their large non-
linear indices that may approach three orders of mag-
nitude higher than silica. ZBLAN is the most robust 
fluoride glass material for optical fiber applications, but 
its nonlinear refractive index is comparatively low [24]. 

Fig. 1 The optical transmission of ChGs in comparison to silica and fluoride glasses [22]
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Chalcogenide glass has a high nonlinear refractive index 
of 100− 1000× 10−20m2W−1 and an outstanding IR 
transmission up to 16 µm . However, it should be noted 
that the high nonlinearity and a good IR transmission 
alone does not guarantee MIR supercontinuum genera-
tion; a flattened dispersion profile is also essential. [25, 
26].

We recall that an eleven ring PCF based on a cir-
cular structure was proposed by Reeves et  al. This 
fiber  achieved  an ultra-flat dispersion with a dispersion 
variation of −0.6 to 0.6  ps/[nm–km] in the wavelength 
range of 1.24–1.44 µm [26]. Borhan et  al. proposed a 
nine-ring PCF with a heptagonal configuration. In the 
wavelength range of 1.46–1.66 µm , this fiber obtained 
ultra-flat dispersion with a dispersion variation of −420.1 
to −1160 ps/[nm–km] [27]. A three-ring PCF based on 
a hexagonal structure was proposed by Kokou et al. This 
fiber  achieved  a flattened zero dispersion from the vis-
ible region to the far infrared region [28]. Animesh et al. 
presented a nine-ring PCF with a circular topology. In 
the wavelength range of 1.35–1.70 µm , this fiber exhib-
ited ultra-flat dispersion with a dispersion variation of 
−0.1252 to 0.1252 ps/[nm–km] [29]. A PCF based on a 

triangular structure was proposed by Albert et  al. This 
fiber achieved an ultra-flat dispersion in the Ti–Za laser 
wavelength range (0.8 µm ) and in the telecommunication 
window (1.55 µm ) [30]. Anwar et al. presented a five-ring 
PCF with an octagonal construction. This fiber obtained 
an ultra-flat dispersion in the communications window 
(1.55 µm ) [31]. A seven ring PCF based on a hexagonal 
structure was proposed by Mariusz et  al. In the wave-
length range of 1.1–2.7 µm , this fiber obtained ultra-flat 
dispersion with a dispersion variation of −50 to −30 ps/
[nm-km] [32]. A slotted spiral PCF was proposed by Jian-
fei et al. This fiber achieved an ultra-flattened dispersion 
of 0.91 and 1.33 ps/[nm–km] over the wavelength range 
of 1.55 µm [33]. Takashi et  al. suggested an eight-ring 
PCF with a hexagonal configuration. Over the telecom-
munication wavelength range, this fiber obtained an 
ultralow dispersion of less than 0.8 ps/[nm-km] [34]. In 
[35], a five-ring perforated core PCF has been designed 
with a large negative dispersion and a very high nonlin-
ear coefficient for supercontinuum generation, dispersion 
compensation and high-speed data transmission applica-
tions. In [36], a rectangular slotted PCF core doped with 
GaP has been designed to yield a very high birefringence 

Fig. 2 Different fields where ChGs are used [23]
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and nonlinearity to be used in applications such as 
four-wave mixing, soliton generation, sensing, and bio-
medical imaging. In [37], a highly birefringent PCF with 
diamond-shaped porous core, hexagonal porous cladding 
with Zeonex background material has been proposed as 
polarization maintaining fiber for biomedical and long-
distance high-speed communication applications. In [38] 
an ultra-high birefringent decahedron photonic crystal 
fiber with a large nonlinear coefficient has been designed 
for high-speed data transmission, dispersion compensa-
tion, soliton generation, and supercontinuum generation 
applications.

Looking through all of this literature, we noticed that 
the majority of highly birefringent, polarization main-
taining dispersion-flattened fiber designs were focused 
on the telecommunication wavelength band. The mid-
infrared (MIR) wavelength has recently piqued research-
ers’ interest. This is due to the fact that the two primary 
atmospheric transmission windows are centered in this 
spectral region, and the light source in this region is con-
sidered as a strong tool for atmospheric surveillance, 
explosives tracking, and free-space communication [13]. 
The MIR is also regarded as the "fingerprint" area, where 
several molecules’ vibration modes are found. This prop-
erty makes MIR an important regime  for biomedical 
applications [39, 40]. Therefore, in the recent years, PCF 
researchers have switched to chalcogenide glass which is 
a suitable alternative for silica material.

In this paper, we present a hexagonal chalcogenide PCF 
with broadband ultra-flattened dispersion in MIR. Glass 
materials comprising chalcogen elements from group 16 
of the periodic table, such as sulfur (S), selenium (Se), 
and tellurium (Te), mixed with network-forming ele-
ments, such as silicon (Si), arsenic (As), germanium (Ge), 
phosphorous (P), and antimony (Sb) produces Chalco-
genide glasses (ChGs). The dispersion properties of the 
PCF are studied and configured in detail as a function of 
fiber structure parameters. As a result, we demonstrate 
that the proposed fiber has a great deal of potential for 
MIR supercontinuum generation.

2  Methods
Figure  3 depicts a cross-sectional image of the pro-
posed Ge23Sb12S65 based chalcogenide PCF. The con-
struction of the majority of photonic crystal fiber is 
geometrical. The array of holes is mostly tetrahedral, 
hexagonal, octagonal, quadrilateral, as well as many 
other shapes. PCF dispersion engineering may be done 
in a variety of ways [41]. On the other hand, the major-
ity of the ways that have been proposed earlier in the 
literature are based on modifying the air-hole spac-
ing (pitch) [42], air-hole diameter [43, 44], number of 
rings, and air-hole arrangement in circular, square, and 

hexagonal lattices [45]. In our structure, the cladding is 
made up of six layers of air holes that are spaced out 
in a regular hexagonal pattern. We went for a hexago-
nal geometry since it would assist us in getting a bet-
ter dispersion control and a very high birefringence. 
The air-hole spacing (pitch) was purposefully varied, 
allowing greater flexibility in  dispersion engineering. 
The air holes in layers 1–3 have a diameter of 1.4 µm 
and the air holes in layers 4–6 have a diameter of 1.6 
µm . The hole spacing (pitch), � of the optimized PCF 
is 5 µm. To prevent scattering losses from boundaries, 
a perfectly matched layer (PML) is deployed as an outer 
layer. The trinomial of the Sellmeier equation about 
lambda can be used to calculate the material dispersion 
of the Ge23Sb12S65 glass.

where � is the wavelength in micrometers, and 
C1,C2,C3,B1,B2,B3, andA are fitting coefficients of 
Ge23Sb12S65 glass (Table 1).

Using COMSOL software that is based on the finite 
element method (FEM), the modal analysis is carried out 
numerically. The dispersion profile is flattened to within 
−3.41 to 9.5  ps/[nm–km] for the six-ring structure and 
−3.91 to 8.17 ps/[nm–km] for the four-ring structure for 
the optimum geometrical parameters in the wavelength 
range of 3500–6500 nm. At 3.3 μm, we determined that 
the most effective candidate for successful SC production 

(1)n2mat(�) = A+
B1�

2

�2 − C1

+
B2�

2

�2 − C2

+
B3�

2

�2 − C3

Fig. 3 Cross-sectional image of the proposed Ge23Sb12S65 based 
chalcogenide PCF
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is a PCF structure with Λ = 5  μm, d1 = 1.4  μm, d2 = 
1.6 μm, and a ZDW = 3.6 μm.

3  Results
The chromatic dispersion curve of the optimized 
Ge23Sb12S65 based four-ring and six-ring chalcogenide 
PCF is plotted as a function of wavelength from 2 µm to 
7 µm and is shown in Fig. 4. In the four-ring structure, 
the air holes in layers 1–3 are 1.4 µm in diameter, while 
the air holes in layer 4 are 1.6 µm in diameter. In the six-
ring structure, the air holes in layers 1–3 are 1.4 µm in 
diameter, while the air holes in layers 4–6 are 1.6 µm in 
diameter. Both the PCF structures have a hole spacing 
(pitch, � ) of 5 µm . With this optimized air hole diam-
eters and pitch, the PCF achieved broad and flat disper-
sion profiles.

4  Discussions
Waveguide and material dispersion combine to form 
chromatic dispersion, D(�) . Figure 5 shows the plot of 
the material refractive index of the Ge23Sb12S65 glass as 
a function of the wavelength. Chromatic dispersion is a 
significant and pressing parameter of PCF, and it plays a 
vital role in fiber optic communication systems because 
it limits the optical fiber’s data transmission capability. 
The pulses at various wavelengths propagate at differ-
ing speeds within the fiber due to chromatic dispersion. 

Pulse broadening occurs as a result of this. The chro-
matic dispersion curve in PCF can be tailored to the 
conditions required for practical applications.

The chromatic dispersion is defined by D(�) as [46]:

where Re[neff ] is the real part of the effective index 
obtained by computing the fundamental mode using the 
finite element method,  � is the wavelength in microm-
eters, and c is the velocity of light in vacuum.

The effective index of the fundamental mode of 
Ge23Sb12S65 based chalcogenide PCF fiber is calcu-
lated at the wavelength of interest using finite ele-
ment method and the simulated result showed that 
the designed PCF was endlessly single mode. The cal-
culated effective index, neff  as a function of the wave-
length for the optimized six-ring PCF is shown in 
Fig. 6. The chromatic dispersion, D(�) is then calculated 
using Eq. 2 and the calculated values are plotted for the 
wavelength of interest.

The electric field distribution of the fundamen-
tal mode is shown in Fig.  7. This is the electric field 

(2)D(�) = −
�

c

d2Re[neff ]

d�2

Table 1 Fitting coefficients of Ge23Sb12S65 glass

A B1 B2 B3 C1 C2 C3

1 0.0415 0.0722 4.0043 0.0968 ×10
−12 174.0509 ×10

−12 0.0558 ×10
−12

Fig. 4 Chromatic dispersion curve of the optimized four-ring and 
six-ring ChG-PCFs

Fig. 5 Plot of the material refractive index, neff  as a function of the 
wavelength
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distribution of the proposed six-ring PCF for the exci-
tation wavelength 3 µm . Here in our proposed design, 
the core is of a high refractive index Ge23Sb12S65 based 
chalcogenide glass, while the air holes act as cladding. 
No matter the wavelength, there is an intense light con-
finement inside the core due to the huge index differ-
ence between the core and cladding.

The second order dispersion coefficient ( β2 ) is defined 
by [46]

Using Eq. 3, the β2 values are calculated for the wave-
length range of interest and then the β2 graph is plotted 
as a function of wavelength. The data were then fitted 
with a curve, and the resulting polynomial was extracted. 
The Taylor series expansion of beta to the eighth term is 
given by [46]:

The extracted polynomial from the β2 curve is then 
matched to the Taylor series expansion given in Eq. 4 to 
get the higher order beta terms where,

and , �0 = 3.3µm is the pump wavelength of the laser. 
The higher order beta coefficients extracted from Taylor 
series expansion are listed in Table 2.

Choosing a right numerical method for computation 
is very important as it can highly improve the accu-
racy of the results and the computation time can be 
greatly reduced as well [47]. The chromatic dispersion 
of the fundamental mode HE11 of the novel engineered 
Ge23Sb12S65 based chalcogenide PCF is calculated for 
different configurations using a complete vectorial finite 
element method (FEM) by increasing the pitch, Λ from 
3.2 to 5  μm and fixing the smaller and larger air hole 
diameters as d1=1.4  μm and d2=1.6  μm, respectively, 
within the wavelength range of 2 to 7 μm. We have stud-
ied both four-ring as well as six-ring configurations. We 
ran numerous simulations to see how different values of 

(3)β2 = −
�
2D(�)

2πc

(4)

β2(ω) = β2 + β3ωR + β4
ωR

2

2!
+ β5

ωR
3

3!
+ β6

ωR
4

4!

+ β7
ωR

5

5!
+ β8

ωR
6

6!
+ β9

ωR
7

7!

ωR = ω − ωo and ωo =
2πc

�0

Fig. 6 Plot of Effective index, neff  as a function of the wavelength for 
the optimized six-ring PCF

Fig. 7 Electric field distribution of the fundamental mode in 
Ge23Sb12S65 based chalcogenide PCF

Table 2 Taylor series expansion of the propagation constant

Coefficient Value

β2 50.969 ps2/km

β3 0.863 ps3/km

β4 −0.00227 ps4/km

β5 −5.277 ×10
−5 ps5/km

β6 2.502 ×10
−6 ps6/km

β7 5.5305 ×10
−7 ps7/km

β8 −5.341 ×10
−9 ps8/km

β9 −8.112 ×10
−11 ps9/km
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pitch affect dispersion characteristics. Figure 8 shows the 
chromatic dispersion curves in the increasing order of 
pitch for the four-ring PCF structure. Figure 9 shows the 
chromatic dispersion curves in the increasing order of 
pitch for the six-ring PCF structure. The plots are com-
bined in same graph for both four-ring and six-ring con-
figurations individually for a comparative study purpose. 
It can be clearly seen from Figs. 8 and 9 that as the pitch 
increases, the slope of the curve reduces resulting in an 
ultra-flat dispersion profile for the highest pitch value, 
5 μm. Due to the combined effect of waveguide and mate-
rial dispersion, the dispersion curve keeps getting flatter 
as the pitch was increased from 3.2 to 5 μm for both the 

four-ring and six-ring cases. It is also observed that the 
dispersion curves of the designed PCF remain in both 
normal and anomalous dispersion regime. It is a notable 
point that the zero-dispersion wavelength shifts to higher 
wavelengths when the pitch value is increased. The opti-
mized geometrical parameters are d1 = 1.4  μm, d2 = 
1.6  μm, and Λ = 5  μm. For the optimized geometrical 
parameters, the dispersion profile is flattened to within 
−3.41 to 9.5  ps/[nm–km] for the six-ring structure and 
−3.91 to 8.17 ps/[nm–km] for the four-ring structure in 
the wavelength range of 3500–6500  nm. The zero-dis-
persion wavelength (ZDW) for the optimized four-ring 
and six-ring PCF comes around 3.6  μm. At 3.3  μm, we 
learned that a PCF structure with Λ = 5 μm, d1 = 1.4 μm, 
d2 = 1.6 μm, and a ZDW = 3.6 μm is the most effective 
candidate for efficient SC generation.

5  Conclusion
The idea that a PCF’s geometrically induced dispersion 
has extraordinary properties and that it is extremely tun-
able in terms of the fiber’s geometrical parameters can 
be used to adjust the Ge23Sb12S65 based chalcogenide 
glass material’s intrinsic dispersion in various ways. As a 
whole, we were able to make a well-defined method for 
developing a broad range of dispersion behaviors in the 
mid-IR wavelength range. In this paper, we introduced 
a six-ring hexagonal chalcogenide PCF with broadband 
ultra-flattened MIR dispersion characteristics. Six layers 
of air holes, evenly spaced in a regular hexagonal pattern, 
made up the cladding. We could see how a clever use of 
the hexagonal photonic crystal fiber’s geometry, allows 
for exceptional regulation of the fiber’s dispersion prop-
erties. Greater engineering flexibility was made possible 
by purposely varying the spacing between two adjacent 
air holes (pitch). As the pitch was increased from 3.2 to 
5 μm, the dispersion curve continued to flatten due to the 
combined effects of waveguide and material dispersion. 
For the proposed design, the air holes in layers 1–3 are 
fixed to 1.4 μm in diameter, whereas those in layers 4–6 
are fixed to 1.6  μm in diameter. The PCF has air  holes 
spaced 5 μm apart (pitch). In a broad wavelength range 
of 3.5 µm to 6.5 µm , a flattened low dispersion between 
−3.41 and 9.5  ps/[nm–km] and −3.91 to 8.17  ps/[nm–
km] was successfully achieved. It is also noteworthy that 
as the pitch value is raised, the zero-dispersion wave-
length moves to higher wavelengths. The proposed chal-
cogenide PCF with nearly zero ultra-flattened dispersion 
properties can be employed for applications such as, 
soliton generation, gas sensing, biomedical imaging, 
supercontinuum generation, and long-distance high-
speed communication applications in the mid-infrared 
wavelength region.

Fig. 8 Chromatic dispersion of four-ring structure for variations in 
pitch from 3.2 to 5 μm

Fig. 9 Chromatic dispersion of six-ring structure for variations in 
pitch from 3.6 to 5 μm
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