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1 |  INTRODUCTION

Photonic crystal fibers (PCFs) have attracted researchers 
since the first structure was proposed by Russell in the 1990s 
[1].

Many unique features including dispersion [2], birefrin-
gence [3], effective mode area [4], endless single-mode prop-
agation [5], and high nonlinear coefficient [6] make PCFs 
significantly superior when compared to standard fibers. 
Holey fibers or microstructured optical fibers allow a unique 
way of light propagation [7], which is unusual in conventional 
fibers. Specifically, PCFs are composed of a single material 
with the periodic arrangement of multiple air holes with a 

defect at its center. The defect region acts as a solid core [8]. 
The periodic arrangement of air holes runs parallel to the lon-
gitudinal axis of the fiber. This type of a structure of fibers 
provides a platform to achieve the manipulation of photons. 
Based on the guiding mechanism, PCFs can correspond to 
index-guided PCFs [9] and photonic bandgap fiber [10].

An array of air holes in the cladding region with a 
solid core makes index-guiding PCFs. Air holes trap light 
propagating through the core region. They allow an inter-
active environment to the propagating light energy with 
gases and liquids present in the cladding holes with the 
transitory field. Light is guided through a low index core 
in photonic bandgap fibers. The total dispersion of PCF 
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corresponds to the submission of material dispersion and 
waveguide dispersion. Efforts focused on obtaining PCFs 
with ultra-flattered dispersion [11]. Specifically, PCFs 
offer a variety of geometries or PCF structures due to their 
flexibility in design, and this allows control over disper-
sion [12].

Several geometries of PCF are reported by introducing 
new design methods [13‒16]. A few techniques used to 
achieve flattened dispersion curve include tailoring the di-
ameter of air holes and varying the shape/dimension of air 
holes and air holes filled with different liquids and gases 
[17‒19]. Smaller air holes in the innermost layer of the 
cladding region determine the overall flatness of the dis-
persion curve [20]. Saitoh and others reported a flattened 
dispersion curve for a triangular lattice PCF structure with 
a defected core of center air hole [21]. A square lattice PCF 
with a defected core of central air hole was investigated by 
Zhang and others and exhibited ultra-low dispersion [22]. 
Adjustment in the structural parameter of the PCFs resulted 
in zero chromatic dispersion and dispersion-shifted fibers 
[23,24]. Furthermore, fine control over the optical trans-
mission of the polarized property of fiber results from using 
the air holes filled completely, partially, or selectively with 
different types of liquids and gases. Liquids including eth-
anol [25], water [26], liquid crystal [27], and polymers [28] 
are used to date. Gundu and others reported a PCF with ex-
tremely low dispersion by using some liquid in the holes of 
the two innermost layers [29]. Highly nonlinear PCFs can 
be used for four wave mixing and self-phase modulation 
(SPM). Furthermore, SPM significantly affects the disper-
sion behavior in a high data rate transfer system. The ef-
fective mode area is inversely proportional to the filling 
factor of PCFs. Liao and others reported an ultra-high non-
linear coefficient corresponding to 3.573 × 104 W–1 km–1 at 
1.55 μm [30]. Hossain and others [31] introduced an ellip-
tical air hole at the core and decreased the sizes of inner 
air holes to obtain a nonlinear coefficient corresponding to 
83 W–1 km–1. Hence, an octagonal PCF structure with two 
air holes exhibiting elliptical geometry in the inner cladding 
region was obtained. Wang and others reported a nonlinear 
coefficient of 10–2 m–1 W–1 with two zero dispersion points 
[32]. Tiwari and others [33] and R. Kumari and others [34] 
also reported effective nonlinear coefficients corresponding 
to 500 W–1 km–1 and 1179 W–1 km–1, respectively. Single-
mode PCF is required for the transmission of signals for 
larger distances without interference [35]. Furthermore, 
several geometries of PCF are examined with significantly 
higher nonlinearity [36‒40]. Leaky nature of the modes and 
imperfect structure of PCF together cause confinement loss. 
These types of losses are reduced by the increasing number 
of air holes in the cladding region. Researchers reported ex-
tremely low confinement loss via modifying the PCF struc-
ture [41].

Supercontinuum generation has attracted research attention 
due to its wide application in the field of optics fluorescence 
microscopy [42], mid-infrared SCG [43,44] optical communi-
cation-based DWDM [45,46], and other application. Various 
efforts using several techniques focused on broadening the gen-
erated spectrum. In order to obtain the desired supercontinuum, 
dispersion engineering of PCFs compose of silica is performed 
by tailoring the physical parameters [47‒49]. Furthermore, the 
implementation of the optofluidic approach is also adapted to 
widen the supercontinuum spectrum. Experimental techniques 
for fully or partially filling of holes in PCF are well-developed 
[50,51].

In the study, a tetra-core PCF structure with hexagonal lat-
tice is investigated. PCF structure is fabricated such that a tetra 
core is created. Two materials, namely silica and lead silicate, 
are used as background materials. Two types of holes are used. 
Smaller holes of the cladding region are filled with ethanol. 
This type of a structure is investigated to achieve zero disper-
sion with a large nonlinear coefficient. Both structures exhibit 
almost zero dispersion over a wide range of wavelength with 
extremely low loss. Furthermore, a large nonlinear coefficient 
is also reported. Both structures allow single-mode propagation. 
Supercontinuum generation is proposed as a key technology for 
an application such as spectroscopy, gas detection, molecular 
fingerprinting, and chemical sensing. The rod filling technique 
is used to obtain a wide spectrum.

2 |  DESIGN OF PROPOSED PCF 
STRUCTURES

Researchers investigated several PCF structures based on 
the geometry of its core. Extant studies investigated PCF 
structure with dual core [52], rectangular core [53], square 
core [54], circular core [55], Octagonal core [56], T-shaped 
core [57], and P-shaped core [58]. Even a quad-core PCF 
structure was recently examined [59]. In the study, the 
concept of tetra core is introduced with a new modified 
geometry. Furthermore, it is doped with alcoholic material. 
Tetra-core PCF structure with hexagonal lattice and also 
doped with ethanol are examined. Holes with two different 
dimensions (ie, smaller and larger) are used. The smaller 
circular hole is introduced at the center to create a quad-
core PCF structure. Furthermore, the smaller holes are oc-
casionally filled with air and ethanol. Alternate holes of all 
the rings are smaller in size. A description of the structures 
is given in Table 1.

Lead silicate is a nonlinear compound with large nonlinear-
ity. Hence, it is used in the study to obtain PCF with a signifi-
cantly higher nonlinear coefficient. Furthermore, this is used 
as a background material of fiber and ethanol is doped in holes 
of much smaller dimensions when compared to larger air cir-
cular holes. Thus, its toxic nature does not affect ethanol.
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The finite difference time domain (FDTD) method is 
based on a general approach and used to describe any ar-
bitrary structure beyond its design complexity. Hence, the 
FDTD method is the most used technique for solving electro-
magnetic problems. Vectorial wave equation is given below 
and is derived from Maxwell's equation [60,61]

where [S] denotes the 3 × 3 PML matrix and [S]–1 denotes the 
inverse of [S].

E denotes the electric field vector and “n” and “λ” denote 
the refractive index and operating wavelength, respectively. 
Ko denotes the wave number intra space and is equal to 2π/λ. 
Given the speed of light in vacuum as the radiation propaga-
tion speed, the time step allowed for stable computation is 
estimated as follows [61]:

Dispersion is the change in pulse width per unit distance 
of propagation that separates a wave into its spectral compo-
nents. Dispersion significantly affects the bit rate and band-
width of a fiber. Control over dispersion must be achieved 
to ensure the feasibility of a practical application of PCFs. 
Dispersion of PCFs is the sum of wavelength dispersion (Dw) 
and material dispersion (Dm) as follows [62]:

and

where nm denotes the refractive index of the material and is de-
rived using Sellemier's equation [62,63]:

where Re[neff] denotes the real part of effective refrac-
tive index of the fundamental mode, and λ and c denote 
the operating wavelength and velocity of light in vacuum, 
respectively.

Mode fields spread more from the core region to the 
cladding region due to the low refractive index difference 
between the core and cladding. The imaginary part of the 
effective refractive index of the mode is obtained using a 
perfectly matched boundary condition. This imaginary part 
{Im[neff]} gives the calculation of mode confinement loss as 
follows [63]:

Confinement loss is expressed in dB/km.
The effective mode area represents the quantitative mea-

surement of tightly confined mode inside the core area. The 
effective mode area is calculated as follows [64]:

E denotes the amplitude of a transverse electric field prop-
agating through fiber.

Lower nonlinearity is observed by PCF with a highly ef-
fective mode area. Lower effective mode area generates high 
power intensity. Effective nonlinearity of PCF is obtained as 
follows [64]:

where y(λ) = nonlinearity of PCF is measured in W–1 km–1.
λ and Aeff denote the operating wavelength and effective 

mode area of PCF at operating wavelengths, respectively, 
and n2 denotes the nonlinear coefficient of the material 
used. Specifically, n2  =  3.01  ×  10–20  m2/W for silica and 
n2 = 4.1 × 10–19 m2/W for lead silicate.

It should be ensured that the designed PCF operates in 
single-mode propagation. Hence, normalized frequency or 
Veff is calculated as follows [64]:

where neff and nco denote the effective refractive index and re-
fractive index of core, respectively, and λ and Ʌ denote the op-
erating wavelengths and pitch factors, respectively.
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T A B L E  1  Description of designed PCF structures

PCF structures Descriptions

Silica_air Smaller and larger circular holes of the clad-
ding region are filled with air. It includes 
silica as the wafer.

Silica_Ethanol All smaller circular holes are filled with etha-
nol and all larger holes are filled with air. It 
includes silica as the wafer.

Lead silicate_Air Smaller and larger circular holes of the clad-
ding region are filled with air. It includes 
lead silicate as the wafer.

Lead 
silicate_Ethanol

All smaller circular holes are filled with etha-
nol and all larger holes are filled with air. It 
includes lead silicate as the wafer.
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An optical pulse and its evolution with slow varying elec-
tric field amplitude are represented by its envelope function 
A(z, t) that is defined by the generalized nonlinear Schrodinger 
equation as follows [65,66]:

The total fiber loss observed is represented by α. 
Specifically, Z and t denote the special coordinate along 
the fiber length and the time variable, ɣ denotes the non-
linear parameter, and βn denotes the nth order dispersion 
(from second to ninth order dispersion are considered in 
this work). Additionally, R(t) denotes response function 
including Raman and Kerr nonlinearity. The electronic 
contribution of the nearly instantaneous functional form of 
R(t) is as follows:

where fR denotes the fractional contribution of the delay Raman 
response function hR(t). Furthermore, hR(t) is approximately an-
alyzed as follows:

where fR = 0.18, τ1 = 12.2 fs, and τ2 = 32 fs.
The Dirac delta function is denoted as δ(t).

3 |  SIMULATIONS AND RESULTS

A four tetra-core PCF structure is simulated using the FDTD 
method. Silica and lead silicate are used as background materi-
als. The simulated PCF structure consists of 11 rings of circu-
lar holes in the cladding region. Two types of holes are used 
to design the simulated PCF structure. Smaller holes are used 
to create a tetra-core PCF structure. The schematic diagram 
and refractive index distribution of the proposed structure are 
shown in Figures 1 and 2. Furthermore, alternate rings exhibit 
smaller holes in the cladding structure. All the smaller holes are 
filled with ethanol. Pitch factor and hole-to-hole spacing con-
sidered for the proposed structure correspond to 1 μm. Smaller 
holes exhibit a diameter corresponding to 0.4 μm. The radius of 
larger air holes corresponds to 1.2 μm. The PML thickness is 
considered as 10%. The thickness is based on several previously 
reported and already cited research papers [67]. Fabrication of 
PCF is performed via different techniques due to the changes in 
the refractive index during fabrication [68,69]. Large air-filling 
fraction in the cladding region aids in achieving tight confine-
ment into a small core. This results in higher order waveguide 
that can even cancel large negative dispersion of silica glasses 
[70]. Further PCF doped with different materials were also pro-
duced and fabricated [71,72].

Chromatic dispersion causes a change in the optical 
pulse per unit distance of the propagating length of fibers. 
Both the simulated PCF structures report flattened disper-
sion at all the four optical windows. The PCF structure with 
silica as wafer displays extremely low dispersion. The re-
ported value is even less than 5 ps/(nm-km). Furthermore, 
zero dispersion is reported at the telecommunication wave-
length of 1.55 μm. However, PCF structure with lead sili-
cate as wafer exhibits nearly zero dispersion at all the four 
optical windows. These types of dispersion values make 
the stimulated PCFs structure applicable in high data rate 
transmission. Figure 3 shows the dispersion as a function 
of wavelength.
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F I G U R E  1  Proposed PCF structure
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F I G U R E  2  Refractive index distribution of the proposed PCF 
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A small portion of energy leaks out of incident radiation 
from the core to the cladding region during its propagation 
through fibers. This is termed as leaky loss or confinement 
loss. An increase in the size of the holes of the cladding re-
gion decreases the width of the silica bridge that is formed 
between adjacent holes. This leads to a decrease in leakage 
loss. The obtained confinement loss at different operating 
wavelengths is plotted in Figure 4. The PCF with silica as 
the wafer reports higher confinement loss when compared 
with the other PCF structure with lead silicate as a wafer. 
However, both the PCF structures exhibit ultra-low confine-
ment loss. The observed magnitude of the confinement loss 
is of the order 10–8.

Leakage of modes through holes present in the cladding 
region occurs through bridges formed in between the holes. It 
increases the effective area of mode propagating through fibers. 
Figure 5 shows the effective mode area of the simulated PCF 
structure as a function of wavelength. The PCF structure with 
silica exhibits a higher effective mode area than the PCF struc-
ture with lead silicate as a wafer. However, the effective mode 

F I G U R E  3  Dispersion behavior
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F I G U R E  4  Confinement loss behavior
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F I G U R E  5  Effective mode area
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F I G U R E  6  Effective nonlinearity
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F I G U R E  7  Normalized frequency
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area increases with increases in the wavelength. As previously 
stated, the effective mode area is inversely proportional to the 
nonlinear coefficient. The PCF structure with lead silicate as 
wafer exhibits a higher nonlinear coefficient than that of the 
PCF structure with silica as a wafer. At the communication 

F I G U R E  8  Mode confinement at (A) 0.3 μm, (B) 0.7 μm, (C) 
0.85 μm, and (D) 1.55 μm
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F I G U R E  9  Spectral profile of a 15-cm length of PCF with (A) 
Silica_Air, (B) Lead silicate_Air, (C) Silica_Ethanol, and (D) Lead 
Silicate_Ethanol

0.15

0.10

0.05

0

0.15

0.10

0.05

01000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500

Wavelength (nm)Wavelength (nm)

D
is

ta
nc

e 
(m

)

D
is

ta
nc

e 
(m

)

Silica_Air Lead silicate_Air

0.15

0.10

0.05

0
1000 1500 2000 2500 3000 3500

0.15

0.10

0.05

0
1000 1500 2000 2500 3000 3500

Wavelength (nm)Wavelength (nm)

D
is

ta
nc

e 
(m

)

D
is

ta
nc

e 
(m

)

Silica_Ethanol Lead silicate_Ethanol

(A) (B)

(C) (D)

βn(psn/m) Silica_Air
Lead silicate 
_Air Silica_Ethanol Lead silicate_Ethanol

β2 5.48 2.95 8.76 7.54

β3 –4.59 × 10–3 –1.15 × 10–3 –3.96 × 10–3 –2.89 × 10–3

β4 1.56 × 10–5 9.02 × 10–6 5.93 × 10–6 6.83 × 10–6

β5 –8.45 × 10–9 –2.47 × 10–9 –5.64 × 10–9 –1.67 × 10–9

β6 4.58 × 10–12 4.24 × 10–12 1.52 × 10–12 2.76 × 10–12

β7 –7.95 × 10–15 –6.43 × 10–15 –3.28 × 10–15 –4.47 × 10–15

β8 3.46 × 10–18 3.35 × 10–17 7.48 × 10–18 8.64 × 10–17

β9 –7.78 × 10–21 –8.45 × 10–20 8.90 × 10–21 –3.85 × 10–20

T A B L E  2  Values of dispersion order 
at a wavelength of 1.55 μm
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wavelength, the PCF structure with lead silicate exhibits an ef-
fective nonlinearity corresponding to 6200 W–1 km–1. Figure 6 
shows the relation between obtained effective nonlinearity at 
different operating wavelength.

Normalized frequency is typically termed as Veff and en-
sures single-mode property of fibers. A standard fiber with 

V-parameter  ≤2.405 assures single-mode propagation. With 
respect to PCF, Veff ≤4.1 assures endless single-mode prop-
agation. Figure 7 shows the plot for Veff at corresponding 
wavelengths. The magnitude of Veff, as obtained from Figure 7 
confirms that the designed PCF supports endless single-mode 
propagation.

Figure 8 shows the mode field confinement at the telecom-
munication wavelength. As shown in the figure, the effective 
area of the optical field is tightly confined at tetra-core PCF. It 
also shows the strong confinement of mode or mode field dis-
tribution within the core. Figure 8A represents the confinement 
of mode at a lower wavelength (0.3 μm). In Figure 8B, con-
finement of mode is introduced in the second core at 0.7 μm. 
Similarly, at the wavelength of 0.85 μm, modes get more con-
fined in two cores. Confinement of the mode in all four cores 
appears at a higher wavelength as shown in Figure 8C and 8D.

Figure 9 shows the capability of the liquid infiltration 
technique for supercontinuum generation with flattened 
bandwidth. It is achieved by simply selecting an appropri-
ate liquid and also exhibits excessive coherence because 
β4 (fourth-order dispersion) is positive. Hence, we select 
ethanol as our desired infiltrating liquid for optical coher-
ence tomography and other supercontinuum generation 
applications.

Supercontinuum generation is discussed with each of the 
PCFs examined in the study with a length corresponding to 
15 cm. All the examined PCFs reported zero dispersion at 
a wavelength of 1.55 µm. Other values of different higher 
order terms of dispersion are listed in Table 2. An optical 
pulse of duration corresponding to 50 fs at 1550 nm is used 
for supercontinuum generation. Numerical simulation for 
supercontinuum generation is performed for all the four 
PCFs structure at a peak power of 5 kW. Figure 9A shows 
the spectral evolution of the input pulse over the entire 
15 cm length of the fiber. Spectral broadening is initially 

F I G U R E  1 0  Supercontinuum coherence at the output of the 
fiber for the Silica_Air, Lead silicate_Air, Silica_Ethanol, and Lead 
silicate_Ethanol when pumped at 1550 nm

Silica (Air)

Lead silicate (Air)

Silica (Ethanol)

Lead silicate (Ethanol)
0

-50

–100 1000 1500 2000 2500 3000 3500 4000 4500 5000
Wavelength

In
te

ns
ity

 (2
0 

dB
/d

iv
)

T A B L E  3  Comparison of supercontinuum bandwidth (in nm) 
measured at –40 dB at a wavelength of 1550 nm of a 15-cm length 
fiber for all the examined PCF structures

Silica_air
Lead silicate 
_Air Silica_Ethanol

Lead 
silicate 
_Ethanol

631 nm 1045 nm 1973 nm 2784 nm

References
Disper-sion 
(ps/nm.km)

Nonli-nearity 
(w–1Km–1)

Confine-ment 
loss (dB/km)

Effective mode 
area (µm2)

[2] in (2017) –120 14 10–4 340

[37] in (2018) N/A 3 × 104 N/A 7.8

[38] in (2019) –110 7.8 × 104 N/A N/A

[45] in (2012) –199 83 N/A - - N/A

[47] in (2011) 32 500 10–6 7

[48] in (2003) 41 1179 102 7.1

[73] in (2013) –15 111.5 103 18

[74] in (2018) 30 50 N/A 4.3

[75] in (2015) 50 300 N/A 0.7

[76] in (2017) 100 50 102 4.3

[77] in (2019) –90 4200 N/A N/A

Proposed work 0 6200 10–8 4.8

T A B L E  4  Comparison of different 
values of dispersion and nonlinearity for 
previously reported PCF structure at the 
wavelength corresponding to 1.55 μm
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observed due to self-phase modulation. Subsequently, a 
broader spectrum is created due to higher order nonlin-
earity like Raman scattering and four-wave mixing. The 
spectrum obtained at the end of 15 cm exhibits a width of 
631 nm. Similarly, the process is repeated for the remaining 
PCFs structures, and the result is plotted in Figure 9B-D. 
Supercontinuum coherence at the output of the fiber for the 
PCF structure with Silica_Air, Lead silicate_Air, Silica_
Ethanol, and Lead silicate_Ethanol pumped at 1550 nm is 
shown in Figure 10. The supercontinuum spectra obtained 
for the peak power of 5  kW for the PCF structure with 
Silica_Air, Lead silicate_Air, Silica_Ethanol, and Lead sil-
icate_Ethanol correspond to 631 nm, 1045 nm, 1973 nm, 
and 2784 nm, respectively.

Comparison of Supercontinuum bandwidth (in nm) mea-
sured at the operating wavelength of 1550  nm of a fiber 
length of 15 cm is tabulated in Table 3.

Comparison of dispersion and nonlinearity of previ-
ously reported PCF structures at an operating wavelength of 
1.55 µm is tabulated in Table 4.

4 |  CONCLUSION

In the study, four PCF structures with ethanol filled holes were 
investigated. Silica and lead silicate were used as the background 
materials for the two structures. The hole with the smaller area was 
filled with ethanol. Holes of the cladding region were air filled. The 
PCF structure with lead silicate as wafer displayed flattened zero 
dispersion and ultra-low loss at telecommunication wavelength. 
Furthermore, the structure exhibited a very high nonlinearity of 
6200 W–1 km–1 at 1.55 μm. However, the PCF structure with silica 
as wafer also indicated extremely low dispersion over a wide range 
of wavelengths. It also reported zero dispersion at 1.55 μm and ex-
tremely low confinement loss. Thus, both the simulated structures 
exhibited good results and were observed as applicable in both lin-
ear and nonlinear applications. Numerical simulation for supercon-
tinuum generation was performed for all the PCF structures. The 
supercontinuum spectra for a peak power of 5 kW was 2784 nm.
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