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Abstract. Characteristics of As:Ses photonic crystal fibers (PCFs) with a solid-core and small-core
diameter are numerically investigated in the long-wavelength range (from 2 to 10 um). A full modal
analysis and optical properties of designed photonic crystal fibers with lattice constant /A and filling
factor d/A are presented in terms of chromatic dispersion, effective refractive index, nonlinear

coefficients, and confinement loss. The simulation results show that a high nonlinear coefficient of

4410.303 W--km™ and a low confinement loss of 102°dB-km™ can simultaneously be achieved in the

proposed PCFs at a 4.5 um wavelength. Chromatic dispersions are flat. The values of dispersion
increase with increasing filling factor d/A and decrease with the increase in lattice constant A. In
particular, some chromatic dispersion curves also cut the zero-dispersion line at two points. The flat

dispersion feature, high nonlinearity, and small confinement loss of the proposed photonic crystal fiber

structure make it suitable for supercontinuum.

Keywords: Small solid-core photonic crystal fibers, chromatic dispersion, effective refractive index,
confinement loss, nonlinear coefficient, nonlinear properties

1 Introduction

Photonic crystal fibers (PCFs) [1, 2] have recently
gained attention because of their distinctive and
unique properties that conventional optical fibers
do not exhibit. Usually, PCFs are created with a
periodic air holes structure along its length and a
By skillfully

arranging the structure, researchers are able to

single core with silica glass.

design the fibers, which have the desired
transmission properties and interesting optical
properties like single-mode operation in the wide
wavelength range, wideband dispersion, large
mode area, high birefringence, very high and low
nonlinearity, excitation of nonlinear effects at a
small mode area, flattened characteristics and
[3-10],
endlessly single-mode guiding [11, 12], fiber
sensors [13, 14], and fiber lasers [15, 16]. Although

manageable  dispersion  properties
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silica PCFs have extensively been studied with
numerous advantages, silica has a weak nonlinear
index. More importantly, any optical applications
of silica PCFs should not exceed the limit of 2 um
of wavelength because of their intrinsic losses [17-
21]. Therefore, non-silica glass PCFs must be
expected to enhance the application of
microstructured optical fibers. Some glasses, such
as chalcogenide glasses, bismuth, tellurite, or lead
silicate glasses, are very attractive because of their
nonlinear properties. They have a higher
nonlinear index than fused silica [22]. Among
them, chalcogenide glasses exhibit the strongest
glass nonlinearities (typically 500 times stronger
than traditional silica glasses [23]). Designing an
optical fiber with high nonlinearity, negative
dispersion, and large birefringence is a
continuous challenge for researchers. In addition,

maximizing the bandwidth for the
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supercontinuum  generation also plays a
significant role in the applications of this group of
materials. Currently, numerous studies have
demonstrated that nonlinear coefficients change
drastically, and the zero-dispersion wavelength of
optical fibers shifts towards longer wavelengths
in the range of 4-5 um by designing different
structures of As:Ses-based PCFs. Furthermore,
As:Ses-based PCFs are preferable to silica in
fabricating fibers because of low softening

temperature [24-35].

In practice, the characteristic solid-core
As:Ses-based PCFs were fabricated in the
wavelength range from 2 to 5 um [28-37]. PCFs
with lattice constants less than 3 pm were
prepared to enhance Dbirefringence and
nonlinearity. In this paper, we studied highly
nonlinear solid-core chalcogenide glass-based
PCFs with a small-core diameter. We used As:Ses
as a host material to ensure high nonlinearity in
the wide wavelength region from 2 to 10 um. The
chromatic dispersion and nonlinear properties of
As:Ses-based PCFs were thoroughly analyzed by
considering the effects of all the main design
parameters, including the lattice constant /A and
filling factor d/A. The filling factor d//A was chosen
in range of 0.3-0.85; lattice constant A = 3.0 um

and A =3.5 um.

2 Modeling and theory

Taking the nonlinearity into account, we designed
PCFs with small-core diameters. The diameter of
the core was determined with the formula

D_=2A-d, showing the relationship among core
diameter D, lattice constant A, and the diameter
of air holes d. The schematic cross-section
geometrical structure of As:Ses-based PCFs in
conventional regular hexagonal lattices is shown

in Fig. 1.
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Fig. 1. Geometrical structure of PCFs with hexagonal
As2Ses substrate

The design with empty air holes consists of
eight rings of air holes. The lattice constant A was
fixed at 3.0 and 3.5 um, and the filling factor d/ A
was chosen in a range of 0.3-0.85. With such

design parameters, light is confined in the core
(Fig. 2).

Fig. 2. Typical geometrical structure of PCFs and light
confined in the core
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To investigate the influence of structural
parameters on the characteristic properties of
PCFs, we wused the
Model
Mathematically, the Maxwell equation was solved
with the finite difference method. In addition, the

commercial software

Lumerical Solution = multiphysics.

mode profiles associated with the eigenvectors
and the propagation constants corresponding to

the eigenvalues are calculated [36].

The chromatic dispersion coefficient (D) of
the PCFs was calculated from the nett values

versus the wavelength (Eq. 1)

A d*Re[n, |

D =
c  di?

™

where Re neff] is the real part of nert, which is

the effective index of the guided mode calculated
with the finite difference method, and ¢ is the
light speed in vacuum. The refractive index of
modes was plotted as a function of wavelength.
The refractive index of As2Ses substrate was

calculated according to Sellmeier’s [37].

0.3474412°
2 192
1.3085754
+ _—
A* —4x0.24164

) 223492142
1= 2 >+
A7 -0.24164

The confinement loss (L) is also an
important parameter to design PCFs with a finite
number of air holes. L. was created from the leaky
mode and the photonic crystal fiber structure [33].

It can be calculated according to Eq. 3

L, =8.686k, Im|[ 1. |(dB) 3)

where Im[neff] is the imaginary part of the

"n " [34].

The nonlinear coefficient y(1) of PCFs,
which depends on the design of cladding

structure  parameters, can be determined
following Eq. 4
¥(A)=2mn, [ (AA4) (4)
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where n, is the nonlinear index of As:Ses

(nz =24x107" mz.W’l) and A, is the model

effective area. A is a nonlinearity characteristic

of a PCF and defined as [31]

( T T |E|2 dxdyj
A =72 7 (5)

et
In addition, the characteristics of PCFs can
be flexibly controlled by adjusting the hole
diameter and the lattice constant of the air hole
arrays in the cladding. Usually, these properties
depend strongly on the lattice constant /A and the
filling factor d/A.

3  Simulation results and analysis

3.1 Effective refraction index

The effective refraction index decreases with
increasing wavelength and changes with varying
lattice constant A and filling factor d/A; when d/A
increases, the effective refraction index decreases.
As shown in Fig. 3a and Fig. 3b, the longer
wavelength is (5-10 pm), the more separated the
curves are. The curves in Fig. 3a (A = 3.0 um) are

more separated than the others.

The values of the effective refractive index
of fibers with various d/A and A at the 4.5 pym
wavelength (expected to be a compatible pump
wavelength for supercontinuum generation) are
shown in Table 1a and Table 1b. When the lattice
constant / increases, the effective refractive index
also increases, and the maximum effective
refractive index has a value of 2.0903 when A = 3.5
um and d/A = 0.3. When the fiber with a smaller
core (A = 3.0 um and d/A = 0.3) has a smaller
lattice constant, the difference between the two
effective refractive index values for both cases is
about 0.06.
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Fig. 3. The real part of effective refraction index as a function of wavelength of fibers
with various d//A when A = 3.0 ym (a) and /A = 3.5 um (b)
Table 1. a. Effective refractive index of fibers with various d//A when A = 3.0 um at 4.5 pum wavelength
d/A 0.3 0.35 0.4 0.45 0.5 0.6 0.65 0.7 0.75 0.8 0.85
R
[ i] 2.0872 2.0714 2.0628 2.0555 2.0469 2.0392 2.0303 2.0213 2.0105 2.0003 1.9871 1.9736
Table 1. b. Effective refractive index of fibers with various d/A when /A = 3.5 um at 4.5 ym wavelength
d/A 0.3 0.35 0.4 0.45 0.5 0.6 0.65 0.7 0.75 0.8 0.85
R
[ i] 2.0903 2.0839 2.0782 2.0725 2.0669 20608 20542 2.0476 2.0395 2.0208 2.0221 1.9987

3.2  Chromatic dispersion

Fig. 4a and Fig. 4b show the effect of changing
filling factor d/A on chromatic dispersion (D)
when A is 3.0 and 3.5 um. An increase in d//A
eventually increases the value of dispersion. It is
obvious that flattened dispersion is greatly
dependent on the ratio of d//, and the peak of the
D curve shifts towards longer wavelengths. In
most cases, the chromatic dispersion curves
intersect the zero-dispersion line at one or more
points, except for the case when A = 3.0 um,
where the dispersion is completely located in the
normal dispersion with a small value of the filling
factor (d/A = 0.3). However, when the A value is
greater, the chromatic dispersion curve with A
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and d/A being 3.5 um and 0.3 has anomalous
dispersion in the IR long-wavelength range with
A greater than 8.5 um. The slope of the dispersion
curves increases when the values of A increase,
and the greater the dispersion slope is, the larger
d/A is found. Thus, the slope depends strongly on
the values of A and d/A. The chromatic dispersion
curves are similar and flat in all cases, and the D
curves are clearly separated from each other when
they cross the zero-dispersion line. Note that we
achieve high negative dispersion when the filling
factor is in the range of 0.3-0.5 for both values of
A. This is because the core dimension reduces
when we increase the size of the air hole, resulting
in a high field confinement. In telecommunication,
chromatic useful in

negative dispersion is
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compensating the opposite slope dispersion to
make the net dispersion of two fibers in the series
become zero. In dispersion-compensating fibers,
larger dispersion is compensated by a short length
of the optical fiber with high negative dispersion
[31]. Negative dispersion is obtained over a broad
wavelength range because of the significant index
difference between the core and the cladding. In
PCFs, a considerable index difference can be
easily obtained because it depends strongly on the
cladding parameter, the filling factor d//A, and the
[31-37].

dispersion is one of the main factors for

achieved lattice constant A Because
supercontinuum generation, the PCF with flat
dispersion allows further broad supercontinuum
generation. Thus, the goal of optimization of
dispersion herein is to show the fiber structures

with a flat near-zero dispersion shape and the
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zero dispersion wavelength (ZDW) compatible
with the pump wavelength. Thus, it is possible to
choose optimal designs when A is 3.0 and 3.5 um,
and d/A varies from 0.3 to 0.5, which is well suited

for supercontinuum generation.

Table 2a and Table 2b show the dispersion
values for all cases at the 4.5 um wavelength. As
seen in Table 2, the D value decreases with
increasing /1. The lowest and highest dispersion of
5.8272 ps:(nm-km) (A = 3.5 um; d/A = 0.35) and
128.252 ps-(nm-km)! (A = 3.0 um; d/A = 0.85) can
be obtained. At the 4.5 um wavelength, when the
lattice constant is equal to 3.0 pum, there are three
negative D values. When the value of the lattice
constant increases to 3.5 pum, there are also two
negative D values. However, the negative D
values were observed more in the range of

investigated wavelength.
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Fig. 4. Chromatic dispersion as a function of wavelength of fibers with various d//A when A =3.0 um (a)
and A =3.5 um (b)

Table 2. a. Chromatic dispersion values of fibers with various d//A when A =3.0 um at 4.5 um wavelength

(ps-(nm-km))

d/A 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85
D 444237 30494 89780 10.0626 26.3277 41.0788 55.6294 67.4288 80.9254 95.5375 1104967 1282520
Table 2. b. Chromatic dispersion values of fibers with various d/A when A =3.5 um
at 4.5 ym wavelength (ps-(nm-km))
d/A 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85
D 220857 -5.8272  8.6318  21.2794 32.7627 419906 51.1911 60.4237 69.7775 84.7853 91.5521  110.6829
DOI: 10.26459 /hueunijns.v130i1D.6397 59
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The unique feature in small-core solid
structures of these PCFs is that the D curves
intersect the zero-dispersion line at several points.
That means that there are multiple negative D
values in different wavelength regions. The zero
dispersion wavelengths calculated according to
the variation of d/A and A of PCFs in the near-
infrared range are shown in Table 3. It can be
observed that different ZDW values depend on
d/A and A. When A = 3.0 um and d/A = 0.3, we
find the ZDW value because the

dispersion curve does not intersect the zero-

cannot

dispersion line, but when d/A increases, we have
one and two ZDW values. Thus, the increase or
decrease of chromatic dispersion depends
strongly on the value of d//A and A. When A = 3.5
um and d/A varies from 0.5 to 0.85, the dispersion
curve intersects the zero-dispersion line at two
points corresponding to two ZDW values.
Multiple values of ZDW are in the long-
wavelength region, which is very convenient for
the supercontinuum generation in the infrared

region.

Table 3. Zero dispersion wavelengths of fibers with various d/AA and A

ZDW (pm) A=3.0um A=35pum ZDW (pm) A=3.0pum A=35um
a/in=0.3 - 8.7387 /N =0.6 3.0154 and 6.4595 3.1859 and 7.7956
d/A=0.35 9.1945 9.5775 d/A=0.65 29433 and 6.7796 3.1086 and 8.2138
a/iA=04 9.9791 3.7526 and 5.3226 | d/A=0.7 2.8656 and 7.0706  3.0375 and 8.5156
d/A=045  3.4225and 4.9563 3.5092 and 6.1276 | d/A=0.75  2.7925and 7.3127 2.912 and 7.7285
d/A=0.5 3.2378 and 5.5446  3.3675 and 6.799 | d/A=0.8 2.7284 and 7.4988  2.8971 and 8.982
d/A=055 3.1133 and 6.0136 3.2727 and 7.3382 | d/A=0.85  2.6631 and 7.6642  2.7878 and 7.952
3.3  Effective nonlinearity

Nonlinearity is an important parameter for the
calculation of different nonlinearities of PCFs.
Because we used As:Ses as a highly nonlinear
chalcogenide material and designed small-core
PCFs, we expected that the fibers would show
higher nonlinearity. Fig. 5a and Fig. 5b show the
effects of variation in wavelength, d//A, and A on
the nonlinear coefficient y. Increasing wavelength
decreases nonlinearity, and a higher value of y is
found at shorter wavelengths. The smaller the
value of A is, the higher the value of y, but vy
increases with increasing d/A at specified lattice
constant values. For different d/A and A, the
graph of v is quite similar. As shown in Eq. 4, the
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nonlinear coefficient is inversely proportional to
the model effective area (Aetr). With increasing
d//AA, the value of y increases, so Aet decreases
accordingly. Several optimal structures, shown
above when A is 3.0 and 3.5 um, and d/A varies
from 0.3 to 0.5, have relatively high nonlinear

coefficients.

The nonlinear coefficients of the fiber with
various d//A and A at the 4.5 um wavelength are
depicted in Table 4a and Table 4b. The maximum
value of y (4410.303 W--km™") appears when d/A is
0.85 and A is 0.3 pum (Tab. 4a). At the same time,
the minimum value of y is 799.028 W-1-km-! when
d/A=0.3 and A =3.5 pum (Tab. 4b).
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Fig. 5. Nonlinear coefficient as a function of wavelength of fibers
with various d/A when A =3.0 pm (a) and A =3.5 um (b)

Table 4. a. Nonlinear coefficient of fibers with various d/4A and A = 3.0 um at 4.5 um wavelength (W--km")

d/A 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85

Y 923427 1244.162 1652.145 1969.769 2295239 2560912 2838.678 3107.102 3417.724 3702.999 4054157 4410303

Table 4. b. Nonlinear coefficient of fibers with various d/A and A =3.5 um at 4.5 pm wavelength (W--km-")

d/A 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85

% 799.028 1124.048  1388.703  1621.900 1826386  2029.653  2239.996 2437794 2677734 2834230 3170587  3375.573

3.4 Confinement loss

Fig. 6a and Fig. 6b present the confinement loss almost coincide. The smallest confinement loss is

(Lc) as a function of wavelength of PCFs with 4.0013> 102 dB/m when A =3.5 um and d/A = 0.7.

various d/A and A. Its values increase with the The confinement loss of PCFs with various
wavelength and decrease quickly with the filling d/A and A at the 3 and 4.5 um wavelength is
factor and lattice constant. It can be seen that the presented in Table 5a and Table 5b. Its value
confinement loss is minimal because a small decreases with d//A and A of the air holes because
fraction of the total power is travelling through of the decrease of absorption ability. When d/A is
the air holes while most of the power is tightly greater than 0.5, the value of confinement loss is
confined in the small solid core. Especially when minimal and similar. In addition, the highest
d/A equals 0.7 um with A being 0.35, the value of value of confinement loss is 1.2288 dB/m when
confinement loss is minimal, and the curves d/A=0.3 and A =3.0 ym.

Table 5. a. Confinement loss of fibers with various d/A when A = 3.0 pm at 4.5 um wavelength (dB/m)

a/A 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85

Le 123E-00  499E-02  646E-04  482E-06 213E-08 895E-11  252E-13  392E-16  755E-19  370E-19  220E19  1.18E-18

DOI: 10.26459/hueunijns.v130i1D.6397 61
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Table 5. b. Confinement loss of fibers with various d/A when A = 3.5 um at 4.5 pm wavelength (dB/m)

d/A 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85
Le 4.50E-01 6.58E-03 6.87E-05 5.85E-07 4.68E-09 2.24E-11 5.44E-14 1.054E-16 4.004E-20 —-2.23E-19 -1.76E-19 1.01E-18
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Fig. 6. Confinement loss as a function of wavelength of fibers
with various d//A when A = 3.0 ym (a) and /A = 3.5 um (b)

4 Conclusion

In this work, the dispersion and nonlinearity of
PCFs with As:Ses small core are analyzed
considering the effect of a new design parameter:
the filling factor d/A and lattice constant A. The
wavelengths of 4.5 um in the infrared spectrum,
convenient for super supercontinuum generation,
are chosen to calculate the values of characteristic
quantities. For smaller d/A and A values, flattened
dispersion is observed. The chromatic dispersion
curves intersect the zero-dispersion line at
multiple points in different wavelength regions.
The nearest chromatic dispersion to the zero-
dispersion curve is observed when d/A = 0.3 and A
= 3.0 um. At the same time, the confinement loss
of PCFs is minimal, at about 10-2° dB/m, and its
curves almost coincide. Besides, the higher value
of nonlinear coefficient is found at lower
wavelengths and higher values of d/A. Especially,
the wvalues of the effective refractive index,
effective mode area, dispersion, and confinement

loss are strongly influenced by the filling factor
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and the lattice constant. Optimal structures are

the key factors for supercontinuum generation.
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