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Abstract. This paper presents a new design of Gez9SbsSeys large-solid-core- square lattice pho-
tonic crystal fiber (PCF) with the first ring of air hole near the core removed. Using the full
vector finite element method for anisotropic perfectly matched layers, we numerically examine the
dispersion characteristics of the PCF as a function of the wavelength in the mid-infrared range.
The results reveal that photonic crystal fibers exhibit a variety of dispersion properties, including
all-normal and anomalous dispersion, featuring one or two zero dispersion wavelengths (ZDWs).
Based on our numerical simulations, we propose two structures with optimal dispersion char-
acteristics. These designs have small lattice constants (A = 1.0 um; A =1.5 um) and low fill
factors (d/A =0.3; d/A = 0.35). These proposed PCFs could be candidates for many optical
applications as supercontinuum generations source.

Keywords: Photonic crystal fiber (PCF); dispersion characteristics; square lattice; chalcogenide,
GeyoSbsSers; effective mode area; confinement loss; optical applications.

Classification numbers: 42.55.Tv; 42.60.Jf; 77.22.Gm; 77.84.Bw.

1. Introduction

Photonic crystal fibers (PCFs), also known as micro-structured fibers or holey fibers, were
first introduced in 1996 by Russell and his colleagues [1]. Over the last two decades, PCFs have
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garnered significant attention due to their special and unique properties that go beyond traditional
design and construction principles. They serve as a testament to the amalgamation of fundamental
principles and advanced technological prowess, offering an exceptional platform for exploring the
interaction between light and matter. This exploration spans a diverse landscape of applications,
each holding the promise of unlocking new frontiers. PCFs possess remarkable characteristics, in-
cluding high numerical aperture, strong birefringence, extremely large mode areas, and the ability
to operate in single mode over a broad spectrum [2—4]. More recently, PCFs have transitioned from
the confines of the laboratory to find utility in various fields such as optical communication, fiber
light sources, fiber optic sensors, non-linear devices, and opto-fluidic devices [5-7]. Moreover,
these fibers play a crucial role in the development of broad supercontinuum (SC) sources [8—10],
which have found applications in a wide range of fields, including optical coherence tomography,
optical metrology, and spectroscopy [11-13].

While advancing fiber optics, by manipulating the structural parameters and material prop-
erties of PCFs, researchers are able to finely adjust optical characteristics such as dispersion, effec-
tive mode refractive index, effective mode area, nonlinear coefficient, confinement loss, transmis-
sion spectrum, etc. The most commonly used lattices are circular, square, and hexagonal lattices.
Each lattice bears a set of advantages and disadvantages, creating a variety of innovative designs.
PCFs with hexagonal lattice structures excel in precise dispersion control. In contrast, circular
lattice PCFs offer simplicity and ease of manufacturing with a small effective mode area. In par-
ticular, square lattice PCFs have low confinement loss and facilitate efficient long-distance light
transmission. They provide polarization maintenance and compact integration into small optical
systems [14—17]. So far, the PCFs with a solid core with the first ring removed has not been given
much consideration yet. By eliminating more air holes in the core region, it is possible to fabricate
a large-solid core PCF. These fibers are not only easy to coupling, but also withstand high power,
simple fabrication, and high numerical aperture making them particularly suitable for applications
such as high power supply, fiber amplifiers, fiber lasers and SC generations [14, 18, 19].

In terms of materials, there has been a departure from the traditional fused-silica PCFs with
the limitation being its low nonlinear refractive index and its wavelength limit does not exceed
2.0 um [16,20]. Instead, researchers have recently injected liquid with a high nonlinear refractive
index into the core, air holes, or used chalcogenide glass as the substrate material. Chalcogenide
glasses have the additional virtue of being vitreous in nature, which enables them to be fiber-drawn.
This distinctive property makes them among the select few materials capable of transmitting for
far and mid-infrared light [21-23]. Chalcogenide glasses are multicomponent inorganic materials
mainly composed of elements such as S, S, Te, As, Sb, Ge, and Si [24-26]. Se-based system
such as Ge—Se has attracted much attention due to its wide range of applications in optoelectronic
and thermal electric device fabrication [27]. With the addition of third element such as Sb to Ge—
Se system, there are cross-linkages between the chains which strengthen the material [21]. The
ternary Ge-Sb-Se chalcogenide system is of special interest for medical applications since it is
believed to be less hazardous than its arsenic-containing equivalent.

In this paper, we proposed PCFs made of Ge,(SbsSe7s chalcogenide for SC generation in
the mid-IR region. The selected GeyoSbsSe;s chalcogenide introduce the rather good thermal,
mechanical, chemical characteristics, and transparency in the 2.0-16.0 ym wavelength range [28—
31]. In this work, the square lattice solid-core PCFs were studied with various lattice constant A
and filling factor f = d/A (d is diameter of air holes). In particular, the first air-hole ring near
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the core has been removed to obtain a large core while controlling dispersion and other optical
properties. From there, two optimal structures (A = 1.0 um and f =0.35; A=15and f =
0.35) with flat normal and anomalous dispersion have been proposed for the analysis of effective
mode area, nonlinear characteristics, and confinement loss PCFs by using the finite-difference
eigenmode method.

2. Theoretical foundations and numerical modeling

The purpose of this section is to construct a suitable high-nonlinearity glass structure that
allows for the adjustment of optical property parameters. To achieve this, we use Lumerical Mode
Solutions software to create PCFs with seven rings of air holes (the first-inner-ring air holes have
been removed) organized in a square lattice (Fig. 1). The diameter of the air holes is d and the
filling factor d/A changes in 0.05 increments from 0.2 to 0.8. The core diameter is obtained
by the formula: D, = 4A — d, where the lattice constant is varied from 1.0 gm to 2.5 yum in 0.05
increments. For this formula, the core is large enough for future experimental purpose, fabrication.
In addition, it ensures the technological feasibility of the considered structures. In fact, in small-
core PCF models, it is extremely difficult to couple with ordinary optical fibers. Thus, constructing
fibers with a large core while maintaining optimal optical characteristics is an innovation and a
significant achievement of contemporary designs.
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Fig. 1. Geometrical structure diagram of GeyoSbs;Se7s solid-core PCF.

With the above design, we have specific parameters for the 52 fiber structures shown in
Table 1. PCF with the smallest core diameter is 3.2 um, PCF with the largest core diameter is
9.5 um and the air hole diameter is from 0.2 um to 2.0 um. These sizes are quite favorable for
practical PFC production purposes.

The refractive index characteristics modeled obeying the Sellmeier equation and given by

the formula:
BiA? B2 BsA2
n(A) = \/A1 TR LI L (1)

A2—C, A2—Cy A2P-G3

where B; and C; are Sellmeier coefficients and A is the wavelength. With the background materials
chosen GeygSbsSe7s, the Sellmeier’s coefficients are presented in Table 2.
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Table 1. Parameters for the PCF structures are designed to perform simulations.

A=1.0um
d/A 02 025 03 035 04 045 05 055 06 065 07 075 038
d 02 025 03 035 04 045 05 055 06 065 07 075 038
D. 38 375 37 365 36 355 35 345 34 335 33 325 32
A=15um
d/A 02 025 03 035 04 045 05 055 06 065 07 075 08
d 03 0375 045 0525 0.6 0.675 0.75 0.825 09 0975 1.05 1.125 1.2
D. 57 5625 555 5475 54 5325 525 5175 51 5.025 495 4875 48
A=2.0pum
d/A 02 025 03 035 04 045 05 055 06 065 07 075 08
d 04 05 06 07 08 09 1 1.1 1.2 13 14 15 1.6
D. 176 15 74 13 72 7.1 7 6.9 6.8 6.7 6.6 6.5 6.4
A=25um
d/A 02 025 03 035 04 045 05 055 06 065 07 075 038
d 0.5 0.625 0.75 0.875 1 1.125 125 1375 1.5 1.625 175 1875 2
D. 95 9375 925 9.125 9 8875 875 8625 85 8375 825 8125 8

The mode profiles associated with the eigenvectors and the propagation constants cor-
responding to the eigenvalues are calculated. Specifically, the chromatic dispersion coefficient
(D) of PCFs was calculated from effective refractive index n.y values versus the wavelength as

Eq. (2) [16]:

Table 2. Sellmeier’s coefficients for Ge,gSbsSe7s [27].

Sellmeier’s coefficients Values
A 1

B 4.7610
B 0.06994
Bj 0.8930
Ci [um?] 0.0356
C> [um?] 0.6364
C; [um?] 491.72

D(A) =

mode and c is the vacuum light speed.

A d’Refneyy]
c drr

where Re [n.4] is the real component of the effective refractive index at wavelength A for each
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The following equation can be used to calculate the nonlinear coefficient (7y) of PCFs, which
is dependent on the design of cladding structural parameters [15].
. 2% np
A Ay
where 75 is the nonlinear refractive index of Ge,(SbsSe7s, no =4.29 x 10~ 8m?. W~! at the wave-

length of 1550 nm [27] and A,z is the effective mode area of the fiber. The mode area A4 of the
PCF is computed from [31]:

Y(4) 3)

(IF1ECey) Paxay)

JT1E (x,)[*dxdy
where E(x,y) is the field distribution of the fiber mode. Besides, we can be interested in the
confinement loss (L.) calculated by the formula [31]:

Acfr(A) = “4)

L= 8.6862%Im[neff(k)], 5)

where Im[n.4] is the fictitious component of the 7.

3. Simulation results and analysis conclusion

Controlling the properties of photonic crystal fibers (PCFs), especially dispersion, lies at
the heart of their versatile applications in modern photonics. Dispersion (D), the dependence of
the phase velocity on the wavelength, is a critical parameter that influences the behavior of op-
tical signals within a fiber. Here we have two types of dispersion: the normal dispersion state
(D < 0) and the anomalous dispersion state (D > 0). The wavelength at which D is suppressed is
called the zero-dispersion wavelength (ZDW). The dispersion-wavelength plots of the structures
are shown in Fig. 2. The structural characteristics, such as the lattice constant A and the filling fac-
tor d /A govern the substantially wavelength-dependent dispersion. In all cases, we only calculate
the fundamental mode with a wavelength range of 1.5-6.0 um. Both all-normal and anomalous
dispersions are obtained. In case the lattice constant is small, A = 1.0 um (Fig. 2a), dispersion
properties are quite diverse including all-normal and anomalous dispersion curves with one or two
ZDWs. There are two all-normal dispersion curves with d/A = 0.3 and 0.35. The curve with
d/A = 0.35 is closest to the zero dispersion line in the wavelength range of 2.49 um - 4.0 um.

In fact, the dispersion property is an important element in optical applications, particularly
supercontinuum generation (SCG). Smaller dispersion magnitudes make optical signals more sta-
ble, reducing loss; flat dispersion fibers enable a broader SG to be produced. In this work. Our
purpose is to design and simulate the PCFs for a supercontinuum generation at the selected pump
wavelength of 3.0 um with high coherence and a flat spectrum in the wide range of wavelengths
from the near-IR to mid-IR regions. For this aiming, the optimization of the dispersion proper-
ties includes flatness, an indication of the dispersion characteristic, and the amount of difference
between ZDW and pump wavelengths. Based on the simulation results, we proposed two PCFs
structures, namely #F1, #F2 (Fig. 3). Fiber #F1 (A = 1.0 um, f = 0.35, D, = 3.65 um) is de-
signed to work in the all normal dispersion regions. This fiber has a flatness dispersion curve
in the considered wavelength range. In addition, the fiber has a dispersion curve closest to the
zero dispersion line, the maximum dispersion value is —8.32 ps/nm/km at 3.08 um. For fiber #F2
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Fig. 2. The dispersion as a function of wavelength of PCFs with various filling factor
(f=d/AN):a)A=10um,b) A=1.5um,c) A=2.0 um, andd) A =2.5 um.

(A=1.5um, f=0.35, D, =5.475 um), it is expected to generate the supercontinuum generation
in the anomalous dispersion. This fiber was chosen because it has a ZDW at 2.91 pm, which is the
closest wavelength compared to the one pumped. The optical parameters of the optimal structures

are shown in Table 3.

Table 3. The optical parameters of the optimal PCF structures.

# d D, ZDWs flat-dispersion range Ay L.
(1m) (1m) (um?) (dB/m)
#F1 035 3.65 - 2.49-4.0 8.83—11.77 0.00024 —3.16
#F2 0.525 5475 291 2.91-6.0 18.17—27.54 2.1.10—6—1.41

As A increases to 1.5 um (Fig. 2b), both of the above dispersion lines become anomalous
dispersion with two ZDWs (d/A = 0.3), and one ZDWs (d/A = 0.35). They are all flat and close
to the zero dispersion line with a wide spectral range. With A =2.0 um and 2.5 um (Fig. 2c
and d), the increase of the filling factor d /A and A causes the dispersion curves to shift upwards,
beyond the zero dispersion curve. In this case, we achieve anomalous dispersion for all structures.
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Fig. 3. The dispersion properties of the proposed PCFs.
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Furthermore, for A = 2.0 um, the increase of the filling factor d/A increases the value of the
dispersion at each defined wavelength.

Next, the effective mode area and nonlinear coefficient of the optimized structures are also
considered. The effective mode area increases linearly as a function of wavelengths. When the ef-
fective mode area of PCF is small, the nonlinear coefficient will be large, the nonlinear interaction

will be strong, as shown in Fig. 4.
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Fig. 4. The effective mode area and the nonlinear coefficients of the proposed fibers as a

function of wavelength.
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Figure 5 detected the confinement loss in proposed PCF structures. The results show that
the losses maintain an overall tendency to increase with increasing wavelength. In addition, the
structures we have chosen not only have near-zero dispersion, small gradients, the flat spectrum
stretches in the infrared region but also their loss is small.
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Fig. 5. Confinement loss as a function of wavelength for the proposed fibers.

Table 4. Comparison of the dispersion properties on the prospered PCFs and in several

PCFs made of soft glass.

All-normal dispersion

PCF #F1 [32] [33] [31]
Substrate GeypSbsSe7s AsySe;  SiO, GeypSbsSeys
Lattice type Square Square Square Hexagonal
Dispersion around
the pump wavelength -8.32 -10.972 -16.294 -4.52
of 3.0 um (ps.[nm.km] ")

Anomalous dispersion
PCF #F1 [32] [33] [31]
Substrate GeypSbsSe7s AsySe;  SiO» GeypSbsSeys
Lattice type Square Square Square Hexagonal
Dispersion around
the pump wavelength 1.16 10.9 2.03 3.56

of 3.0 um (ps.[nm.km] ")

5.5

Compared to recent publications such as studying square lattice structures with AsySes

substrate [32] or SiO, substrate [33] or hexagonal lattice using GeyoSbsSe;s substrate [31] as
show in Table 4. Fiber #F1 with all-normal dispersion has a dispersion curves closest 0 than fibers
in [32,33] and flatness dispersion curves than fibers in [31,33]. In the case of fiber #F2, the fiber
has the smallest dispersion value at the pump wavelength compared to the fibers in [31-33].
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4. Conclusion

In this work, we have focused on studying and exploring the dispersion properties of the
large—core-square lattice photonic crystal fibers based on the Ge;oSbsSe7s compound. Their dis-
persion properties allow the creation of optical fibers with near-zero flat dispersion and wide dis-
persion: #F1 (A = 1.0 um, f =0.35); #F2 (A = 1.5 um, f = 0.35), providing applications for SC
sources. The first fiber #F1 (A = 1.0 um, f = 0.35, D, = 3.65 pm) is designed to work in the all
normal dispersion region. This fiber has a flatness dispersion curves in the considered wavelength
range. In addition, the fiber has a dispersion curve closest to the zero dispersion line, the maxi-
mum dispersion value is -8,32 ps/nm/km at 3.08 um. For second fiber #F2 (A = 1.5 um, f =0.35,
D. = 5.475 um), it is expected to generate the supercontinuum generation in the anomalous dis-
persion. This fiber was chosen because it has a ZDW at 2.91 um, which is the closest wavelength
compared to the one pumped. Another advantage of these fibers is that these fibers have larger
core that allows couples to single-mode fiber with high coupling efficiency when considering an
all-fiber SG system. The flexibility of these structures opens the door for a multitude of applica-
tions across diverse domains, including high-speed communications, ultrafast lasers and advanced
sensors. It not only propels advancements in the field of optics but also enhances the potential of
PCFs, expanding their practical applications.
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