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Abstract. This work performs a comparative study on two solid-core photonic crystal fibers
(PCFs) with an As,S3 substrate. These two new photonic crystal fibers are designed using
Lumerical Mode Solution software based on the finite element method. The introduced structure
is a novel structure of six air-hole rings arranged in circular and hexagonal lattices. We analyze
and compare the two structures' effective refractive index and dispersion characteristics with the
change of filling factor (d/4). The PCF structures obtained dispersion characteristics diverse
including all-normal dispersion and anomalous dispersion with one or two zero-dispersion
wavelengths (ZDWs). Flat dispersion and closeness to the zero-dispersion curve in the long
wavelength range are the advantages of these structures. The hexagonal lattice PCF structure
possesses flat dispersion and is closer to the zero-dispersion curve than the structure with the
circular lattice. Meanwhile, the real part of the effective refractive index of the circular lattice is
always larger than the hexagonal lattice in the investigated wavelength range, and the effective
refractive index decreases as the wavelength increases. Based on analysis and comparison, we
have proposed structures with optimal dispersion and pump wavelength suitable for
supercontinuum generation with a wide, flat, and smooth spectrum.

Keywords: Photonic Crystal Fibers, Dispersion, Effective refractive index.

I. INTRODUCTION

In 1996, at the Optical Fiber Conference (OFC) [1], Russell and colleagues announced a
new type of optical fiber, the photonic crystal fiber (PCF). PCF is an optical fiber that uses
photonic crystals to create a cladding around the core of the fiber. A photonic crystal is a
medium formed from cyclically arranged micrometer-sized air holes that run along the entire
length of an optical fiber, and this medium has a cyclically variable dielectric constant and a
low loss [2].

Since then, PCF has attracted a great deal of interest from scientists around the world and
has brought about a great development in optical fiber technology. In contrast to conventional
optical fiber, PCF has more freedom in design and fabrication including guiding mechanism,
size and shape of air hole, lattice constant and lattice type, etc. Geometric parameters along
with the right material selection allow to control dispersion, transmission, and even nonlinear
properties of the fiber. Today, PCF has been intensively studied and has many wide applications
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in fiber lasers, optical amplifiers, nonlinear devices, high-power transmission lines, and highly
sensitive gas sensors [3] and especially the application of supercontinuum generation (SCG)
[4-7].

On the other hand, the large variation in the size and spacing of the air-hole (lattice
constant) in the crust leads to a change in the optical properties of the PCF. The effective
refractive index and dispersion of PCFs, which play an important role in the transmission
mechanism of PCFs, can be controlled by adjusting the air-hole diameters (d) and lattice
constants (A) of their air-hole arrays in the cladding. The difference in effective refractive index
between the core and the crust not only determines the light confinement mechanism but also
affects the confinement loss value, which is an important factor in improving the efficiency of
SCG, which determines the spectral broadening performance of PCF. Therefore, optimizing the
effective refractive index and dispersion characteristics is always targeted by researchers.

Until now, there have been many research works on PCF, usually focusing on three main
types of PCF lattice including circular lattice [8, 9], square lattice [10, 11], and hexagonal lattice
[12]. The outstanding results obtained from the above studies include high negative dispersion,
low confinement loss, extremely large bandwidth, etc... These works have studied the influence
of filling factor and lattice constant on the characteristics of PCF for each lattice structure, but
have not simultaneously optimized the characteristics of PCF for each type of lattices. Most of
the research works on solid core PCF with silica substrates have been studied extensively [13,
14, 15] because Silica has the advantages of purity, high chemical resistance, and high
transparency from ultraviolet to infrared spectral range,... However, the limitation of Silica is
its low nonlinear refractive index and its wavelength limit does not exceed 2 micrometers,
resulting in low SCG efficiency. Meanwhile, Chalcogenide glass is said to be attractive because
it has a nonlinearity 500 times higher than that of conventional silica [16] and the properties of
PCF are obtained in the long wavelength range. Some work on Chalcogenide glass substances
such as As,Ses [17], and As,Sz [18-22] give good results.

In this paper, we design two new structures of circular lattice photonic crystal fibers and
hexagonal lattice with six air-hole rings. We analyzed in detail the effective refractive index
and dispersion characteristics of PCF with As,Ss substrates with the change of lattice constant
and filling factor d/A. This substrate has a very high nonlinear refractive index (n4,s, =

420 x 1072%m?/W [23]). In addition, we compared the effective refractive index and
dispersion characteristics of PCF with 2 different types of structures and optimized to find
structures with flat dispersion, close to zero dispersion in the long wavelength range suitable
for SCG.

Il. NUMERICAL MODELING

The geometric structure diagram of As,Ss3 substrate solid-core PCFs in the case of six
rings modeled with different lattice types (cross-section) is shown in Fig. 1. As>Sz was chosen
as the substrate material to create a difference in refractive index between the core and the crust
to better limit the light in the core. Different from previous studies that designed 8 lattice rings,
for this paper we design a PCF structure with 6 ordered lattice rings with the change of lattice
constant (A). and fill factor (d/A ). Where d is the diameter of the air holes and A is the distance
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between the centers of two adjacent air holes. We use a lattice constant of 1.0 um with the
filling factor varying from 0.3 to 0.8 with a step of 0.05. The large core diameter is determined
by the formula D, = 6 A —d. Lumerical Mode Solution software [24] based on the finite element
method (FEM) was used for the simulations.

(L X}
000000000 e®
s000000000 09028000,
00000000000 ¥0%0%552%%°,
000000000000 e %.%%00a%%%
0000000000000 0 % 0 0 0% ey
00000000000000 0998.°0° %% 0 0%
900000 OO0 I~ I ) oS 000
000000 D 000000 0% % e%e%e
000000 - 000000 e 00, 0%:%*
s00000 200000 00, 0 %¢ % °
OO0 e 00%0%0,:,9.%%"°
OO0 (X X) 050 o0, LI P
LA o 0 0%%020e% %, D.=6A-d
(X X)) ® Dc=6A-d 0 990000%,% 0
000000 0,9,%000°% 0,
0000000000 @ air ® :ooo: ® ® Air
oo As,S; *.‘A’%. As3Ss3

Fig. 1. Geometric structure of PCF with As,S; substrate in case of six rings for two types of lattice:
a) hexagonal lattice; b) circular lattice.

The nonlinear refractive index of As>Ss was obtained using the Sellmeier equation (1)
[25] with the corresponding coefficients shown in Table 1.
2 2 2
n*(A) =1+ '?1}“ + '26‘22' + ':‘3/1 (1)
A°—-B, A°—B, A°—-B,

The values of the conformance factors Ai...As, and Bs... Bz are listed in Table 1 and A
are the wavelength of light in pum.
Table 1. The Sellmeier’s coefficients of the As,Ss substrates.
Sellmeier’s coefficients
Material A1 Az As B1 [um?] B2 [um?] B3 [um?]
As,S3 [26] 1.898 1.922 0.876 0.0225 0.0625 0.1225

The dispersion of the fiber includes the waveguide and the material dispersion. It is
determined by equation (2) [27]:

Ad?Re[ngrr]
D = -— 275 )

where Re[nes] stands for the real part of the effective refractive index obtained from the

simulation and c is the speed of light in a vacuum. When light travels in a photonic crystal fiber,
the effective refractive index is determined by formula (3):

Bon

Ny = 3

eff ko ( )

here, k,pm = Bpm. P is the polarization (TE or TM), m is the m™ mode of polarization, ko is the
number of waves in free space for a given frequency of light and is defined k, = % = 2—’:’ = i—”
0

Ao is the wavelength in free space, . is the frequency of all media.

I11. RESULTS AND DISCUSSION
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Fig. 2. The real part of effective refractive index as a function of wavelength with 4 = 1.0 um,
d/4 = 0.3 + 0.8 for two PCF structures: a) circular lattice; b) hexagonal lattice.

In Fig. 2, the effective refractive index (nefr) of the elementary modes in the proposed
PCFs is calculated for the structures whose fill factor varies from 0.3 to 0.8 with a lattice
constant of 1.0 um. As seen in these graphs, the effective refractive index of circular and
hexagonal PCFs changes with the change of wavelength, the filling factor d/4, and has a similar
shape. It is noteworthy that as the wavelength increases, the effective refractive index decreases
significantly. The reason is that longer wavelengths have a stronger ability to penetrate the PCF
coverage area than shorter wavelengths [28]. Meanwhile, the effective refractive index of the
circular lattice is always larger than that of the hexagonal lattice in the investigated wavelength
range, and the effective refractive index decreases as the wavelength increases. It can be seen
that the change of effective refractive index is mainly influenced by the filling factor parameter
d/A. This result is exactly the same for both fiber structures.
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Fig. 3. Dispersion of PCF by wavelength with different d/4 values gives 4 = 1.0 um
for two structures: a) circular lattice; b) hexagonal lattice.

Fig. 3 shows how changing the fill factor (d/4) affects the dispersion (D). Looking at the
histogram, we see that the two lattice structures have chromaticity varying with different
wavelengths, the resulting chromatic curves include all-normal dispersion and anomalous
dispersion with one or two zero-dispersion wavelengths. The dispersion characteristic is
dominated by the change of the filling factor d/4. Furthermore, the change of this parameter
causes the ZDW to switch to a longer wavelength. As observed, we see the dispersion lines in
both types of lattice have similar shapes. Specifically, at lattice constant = 1.0 um (Fig. 3), for
both circular lattice (Fig. 3a) and hexagonal lattice (Fig. 3b), each type of lattice has two all-
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normal dispersion curves that usually appear at d/4 = 0.3 and d/4 = 0.35. As the fill factor
increases, anomalous dispersion curves begin to appear. An anomalous dispersion curve with a
ZDW occurs when d/4 = 0.5 — 0.8. Meanwhile, anomalous color curves with two ZDWs only
appeared in two fibers with d/4 = 0.4 — 0.45. It can be seen that the change of the filling factor
(d/A) has made many dispersion characteristics of PCF appear.

Dispersion is one of the key factors for supercontinuous emission, the flat dispersion fiber
allows for a wider SCG to be obtained. Therefore, fiber structures with flat dispersion curve
and close to zero dispersion curve, and pump wavelength compatible ZDW has always been
the goal of dispersion optimization. Based on preliminary simulations, we propose six fibers
with optimal dispersion for the two types of lattice. In circular lattice structures, we select fibers
with optimal dispersion for analysis as #F1, #F2, and #Fs, respectively. Meanwhile, #Fs, #Fs,
and #Fe are the selected hexagonal lattice structures, respectively. The structural parameters of
the optimized fibers are shown in Table 2.

Table 2. Structural parameters of the proposed fibers.

Type Fiber /A
#F1 0.35
Circular lattice #F 0.5
#Fs 0.4
#F4 0.35
Hexagonal lattice #Fs 0.5
#Fs 0.4
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Fig. 4. Dispersion characteristics of the proposed fibers.

The dispersion characteristics of the proposed fibers #F1, #F», #F3, #F,, #F< and #F, are
shown in Fig. 4. It can be seen that the proposed fibers have flat dispersion, close to zero in the
wide wavelength range, which is a decisive factor in the creation of ultra-wideband SC.

Table 3 shows the dispersion value at the pump wavelength of the proposed fibers. The
all-normal dispersion curve #F1 has a maximum dispersion value of -5.7 ps.(nm.km)? at
wavelength 3.98, so we choose a pump wavelength for fiber #F1 to be 4.0 um. Threads #F3, #F4
and #Fs have the same pumping wavelength as #Fi1 which is 4.0. While fibers #F, and #Fs
exhibit anomalous dispersion with a ZDW at wavelength 3.0 um, the pump wavelength of this
fiber is chosen to be 3.5 um. Dispersion values of #F. and #F5 fibers at pump wavelength 3.5
um are 14.65 ps.(nm.km)? and 22.395 ps.(nm.km)?, respectively. Meanwhile, the dispersion
value at pump wavelength 4.0 um of fibers #F1, #Fs, #F4 and #Fs is -5.53 ps.(nm.km)?, 4.45
ps.(nm.km)?, -3.89 ps.(nm.km)? and 7.87 ps.(nm.km)?, respectively.
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Table 3. Dispersion value at pump wavelength of the proposed fibers.

# Pump wavelength (um) D (ps.(nm.km)?)
#F1 4.0 -5.53
#F> 5.5 14.65
#Fs 4.0 4.45
#F, 4.0 -3.89
#Fs 4.5 22.395
#Fg 4.0 7.87

IV. CONCLUSION

In this paper, we have designed two novel solid-core photonic crystal fiber structures
using As»Ss substrates consisting of six air-hole rings arranged in a circular and hexagonal
lattice. We analyze the effective refractive index and dispersion characteristics of the two
designed structures. Then compare the characteristics of the two types of structures. The two
structures generally have similar effective refractive index and dispersion graphs. The PCF
structures all acquire diverse dispersion properties including all-normal dispersion and
anomalous dispersion with one or two zero dispersion wavelengths (ZDWSs). On the basis of
analysis and comparison, we have proposed a structure with optimal dispersion and suitable
pumping wavelength for supercontinuum generation with a wide, flat, and smooth spectrum.
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