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Abstract: In this paper, a new study is made on carbon tetrachloride (CCl4) infiltrated-photonic 

crystal fiber (PCF) with the difference between circular air-hole in the innermost layer and others 

in the square lattice to improve the optical properties. Based on numerical investigation of 

parameters such as dispersion, effective mode area, nonlinear coefficient, and confinement loss, 

we obtain a variety of dispersion including all-normal and anomalous dispersion, which is as small 

as 0.799 ps/nm.km at 1300 nm the pump wavelength. At the same time, the highest value of 

nonlinear coefficient 458.718 W–1.km–1 has been obtained, corresponding to the smallest value of 

1.933 µm2 of the effective mode area at 1550 nm of fiber Ʌ = 1.0 µm, d1/Ʌ = 0.8. We propose two 

optimal structures for directing in practical applications with supercontinuum generation (SC) in 

the short-wave infrared wavelength range. 

Keywords: Photonic crystal fiber (PCF), square lattice, high nonlinearity coefficient, small effective 

mode area, low confinement loss, supercontinuum generation. 
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1. Introduction 

Published in the 90s, the photonic crystal 

fiber is an interesting topic attracting the 

interest of optical research groups around the 

world due to its excellent propagation 

properties [1]. Among them, dispersion in PCF 

has many advantages over conventional optical 

fibers because the periodic man-made coating 

consists of micrometer-sized air holes that 

allow flexible adjustment of dispersion curves 

[2]. This property will be useful in practical 

applications such as dispersion compensation, 

nonlinear optics, optical communication, etc. 

[3]. Besides, PCFs are also very attractive for 

the study of nonlinear effects, as they can be 

flexibly designed to have small effective areas, 

increase the nonlinear effects, and generate 

broad supercontinuum (SC) spectra. Compact, 

coherent, high-power, single-mode broadband 

optical sources are the target of researchers in 

various fields of application such as 

spectroscopy [4, 5], fluorescence microscopy 

[6], optical coherence tomography [7], optical 

telecommunication systems [8], biomedical 

imaging [9], gas sensing [10], frequency comb 

metrology [11].  

In recent years, a lot of research interest has 

focused on generating SC using PCF for its 

dispersion optimization. However, it is difficult 

to control dispersion and low confinement loss 

over a wide range of wavelengths if conventional 

PCFs (solid-core silica-based PCFs or with the 

same air hole diameters) are used. Therefore, two 

of the many noticed ways to improve the 

dispersion of PCF are as follows: 

First, it is possible to fill the air holes or 

hollow cores of PCFs, either completely or 

selectively, with high nonlinearity liquids. 

Some liquid-infiltrated PCFs such as C6H6, 

C6H5NO2, CHCl3, C7H8, CS2, C2Cl4, and CCl4 

[12-22] are highly effective in SC generation.  

Second, it is possible to select the geometry 

of the lattice (circular, hexagonal, elliptical,...) 

and change the air hole diameters in the 

cladding or the lattice constant. Even rings in 

the periodic array can be designed differently 

because the periodicity in the cladding is not 

necessary to confine the guiding light to the 

core region. Many publications [17, 19, 22, 23] 

have also achieved flat dispersion, small, and 

high nonlinearity as expected. 

In this work, we combine both approaches 

in the design of our PCFs. CCl4 was chosen 

because of its nonlinear refractive index of 5 

times that of silica and low toxicity [24]. The 

difference between the air hole diameter d1 in 

the first layer near the core and d2 of the other 

layers is noted in the design. We chose the 

square lattice because of its high symmetry, 

which strongly confines light in the core of the 

PCF, i.e. enhances the fiber nonlinearities. 

Furthermore, square lattice PCF can be used in 

integrated optical devices with rectangular or 

square cross-sections. With such a design, 

we have achieved flat dispersion including 

all-normal and anomalous dispersion, small 

dispersion value, high nonlinear coefficient, and 

low confinement loss in comparison with some 

previous publications about CCl4-filled PCF. 

The outstanding advantages make these PCFs 

well-suited to SC generation applications for 

all-fiber laser systems. 

2. Numerical Modeling of the CCl4-core PCFs 

The square lattice structure of eight air-hole 

layers is periodically arranged in the cladding 

surrounding the CCl4-infiltrated hollow core of 

PCF. The geometric cross-section of the PCF is 

shown in Figure 1a. The substrate of PCF is 

fused silica, and the hollow core is filled with 

CCl4  causing the difference in refractive index 

between the core and the cladding.  
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Figure 1. Cross-section view of geometric structure 

(a), and the real parts of the refractive index n 

of CCl4 and SiO2 (b). 

We denote d1 and d2 as the air hole 

diameters of the innermost layer and the other 

layers, respectively, the lattice constant Λ is the 

distance from the center of the core to the 

center of the air hole as well as between air 

holes to each other. The variation of filling 

factor d1/Λ from 0.3 to 0.8 with a step of 0.5 

became the design parameter to control the 

dispersion and nonlinear properties of PCF, and 

the value of d2/Λ was kept constant at 0.95 to 

reduce the confinement loss to the lowest 

possible value. The large core diameter is 

determined by the formula Dc = 2Λ – 1.1d1 with 

Λ = 1.0, 1.5, 1.8, and 2.0 µm. Numerical 

simulations were performed based on solving 

Maxwell's electromagnetic wave propagation 

equations by full-vector finite-difference 

eigenmode (FDE) method using Lumerical 

Mode Solutions (LMS) software. The finite-

difference algorithm is the current method used 

for meshing the waveguide geometry and can 

accommodate arbitrary waveguide structure, 

allowing no reflection at the edge and 

minimizing loss. 

The real parts of the effective refractive 

index n of carbon tetrachloride and fused silica 

against the wavelength are displayed in Figure 

1b. Interestingly, the linear refractive index of 

carbon tetrachloride is similar to that of fused 

silica in the shorter wavelength range and 

greater than that of fused silica in the longer 

wavelength region. The dependence of the 

effective refractive index of fused silica and 

carbon tetrachloride on the wavelength is 

described by the Sellmeier equation [25] and 

Cauchy [26] as follows: 

y 
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where λ is the excitation wavelength in 

micrometers, and n(λ) is the wavelength-

dependent linear refractive index of materials. 

Dispersion is a key parameter that 

determines the characteristics of the SC 

spectrum because it contributes to the 

generation of new frequencies when ultrashort 

pulses propagate in PCFs. Equation (3) [27] 

below allows to calculate the dispersion 

numerically: 

 2

eff

2

Re


= −

d n
D

c d
   (3) 

where c and neff are the speed of light in a 

vacuum and the effective refractive index of the 

PCF respectively. 

eff

0 2 /
n

k

 

 
= =                               (4) 

with β as the propagation constant [27], and λ is 

the wavelength. 

As light propagates in PCF, due to its high 

intensity, it interacts with the physical medium 

through nonlinear effects characterized by 

parameters such as effective mode area, 

nonlinear coefficient, and confinement loss. 

The degree of limitation of the electromagnetic 

field in the core of the PCF is expressed as the 

effective mode area, which depends on the 

amplitude of the transverse electric field E 

propagating inside the PCF. This parameter can 

be determined according to the following 

formula [28]: 
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The frequency-dependent nonlinear 

coefficient [27] is inversely proportional to the 

effective mode area, which is related to the 

linear refractive index and the nonlinear 

refractive index of the fundamental mode as 

given below: 

2

eff

( ) 2
n

A
  


=                           (6) 

The confinement loss is calculated through 

formula (7) [29], manifesting the relationship 

between the wavelength and the imaginary part 

of the effective refractive index. This is a 

necessary parameter in PCF design because it 

represents the leakage of the modes. 

c eff

2
8.686 Im[ ( )]L n





=              (7) 

3. Result and Discussion 

For the fundamental mode, the curves of the 

effective refractive index (Re[neff]) are similar 

in shape for all cases of d1/Ʌ and Ʌ, shown in 

Figure 2. The leakage of long wavelengths in 

the cladding is more than that of short 

wavelengths resulting in Re[neff] decreasing 

with increasing wavelength. For each instance 

of Ʌ, Re[neff] decreases as d1/Ʌ increases over 

the whole investigated wavelength range. In 

contrast, when d1/Ʌ are fixed, Re[neff] increases 

with the increase of Ʌ causing the curves of the 

effective refractive index to shift upward 

relative to the horizontal axis. This is due to the 

larger expansion of the core size and the greater 

contribution of fused silica to the refractive 

index of the cladding [16]. 

The values of Re[neff] of fibers with 

different Ʌ and d1/Λ at 1.55 µm, which is a 

common wavelength of commercial lasers, 

were computed in Table 1. The maximum and 

minimum values of Re[neff] were found to be 

1.429  and 1.315 for the structures Ʌ = 2.0 µm, 

d1/Λ = 0.3, and Ʌ = 1.0 µm, d1/Λ = 0.8, 

respectively (Figure 2, Table 1). 

The role of CCl4 and ingenious 

modification of lattice parameters in the design 

of PCFs have resulted in a diverse dispersion 

including all-normal and anomalous dispersion 

depending on the variation of d1/Λ and Λ. The 

dependence of dispersion on wavelength and 

lattice parameters is shown in Figure 3.  Some 

results are obtained as follows: 

- For all cases of Λ, the slopes of the 

dispersion curves increase as the filling factor 

d1/Λ increases. 

- For the small Λ (Λ = 1.0 µm), anomalous 

dispersion with one and two zero-dispersion 

wavelengths (ZDWs) was observed along with 

the change of the filling factor d1/Λ. As d1/Λ 

gradually increases from 0.3 to 0.45, the ZDWs 

shift towards a longer wavelength, which is 

beneficial in choosing a suitable pump 

wavelength for SC generation. Anomalous 

dispersion with two ZDWs is found when d1/Λ 

is greater than 0.55. A broad SC spectrum can 

be obtained with the domination of the soliton 

effect based on this dispersion property. 

In particular, we find two all-normal 

dispersions with d1/Λ = 0.5 and 0.55, the 

smooth and highly coherent SC spectra 

normally produced with the all-normal 

dispersion regime. Figure 3a shows that, in the 

wavelength range from 1.2 to 2.0 µm, as the 

filling factor increases, part of the dispersion 

curve tends to move down to the zero 

dispersion line. In case the filling factor is 

greater than 0.55, the dispersion curves have a 

parabolic profile and the peaks of these 

parabolas tend to move above the zero 

dispersion line. Choosing a filling factor of 0.25 

and 0.85 will result in a large dispersion value 

that is not beneficial for supercontinuum 

generation orientation. Thus, the diversity in 

dispersion can help us choose suitable 

dispersion depending on the purpose of SC 

generation for further studies. 

- When Λ is larger (Λ = 1.5, 1.8, and 2.0 µm), 

the dispersion develops quite monotonically, 

the dispersion curves are anomalous with a 

ZDW over the entire investigated wavelength 



H. T. Duc et al. / VNU Journal of Science: Natural Sciences and Technology, Vol. 40, No. 4 (2024) 14-26 

 

18 

range. The values of dispersion increase 

gradually with the increase of d1/Λ causing the 

slopes of the dispersion curves to increase. The 

newly generated wavelength components in the 

SC study have the role of such a high dispersion 

slope. On the other hand, with a lattice constant 

Λ = 2.0 µm, the dispersion curve tends to move 

close to the zero dispersion curve if the filling 

factor is small, but unfortunately, light is not 

well confined in the core of PCFs when the 

filling coefficient is less than 0.3 (Figure 4b1). 

Therefore, the filling factors less than 0.3 and 

greater than 0.8 are not considered in all 

simulations. 
d 

    

    

Figure 2. The real part of effective refractive index as a function of wavelength of square-PCFs with various d1/Λ 

for (a) Λ = 1.0 µm, (b) Λ = 1.5 µm, (c) Λ = 1.8 µm and (d) Λ = 2.0 µm. 

Table 1. The real part of the effective refractive index of square-PCFs  

with various Λ and d1/Λ at 1.55 µm wavelength 

d1/Λ 
Re[neff] 

Ʌ = 1.0 (µm) Ʌ = 1.5 (µm) Ʌ = 1.8 (µm) Ʌ = 2.0 (µm) 

0.3 1.395 1.418 1.425 1.429 

0.35 1.389 1.414 1.423 1.427 

0.4 1.383 1.411 1.42 1.425 
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0.45 1.377 1.408 1.418 1.423 

0.5 1.370 1.405 1.416 1.421 

0.55 1.362 1.400 1.412 1.418 

0.6 1.354 1.396 1.410 1.416 

0.65 1.345 1.392 1.406 1.413 

0.7 1.336 1.387 1.402 1.410 

0.75 1.326 1.381 1.398 1.406 

0.80 1.315 1.375 1.394 1.403 

y 

Based on the the above analysis, we 

introduce two structures including Λ = 1.0 µm, 

d1/Λ = 0.55 and Λ = 2.0 µm, d1/Λ = 0.3 with 

small and flat dispersion suitable for generation 

SC. With the first structure, the pump 

wavelength is chosen as 1.095 µm which is 

close to the maximum value of the all-normal 

dispersion curve Λ = 1.0 µm, d1/Λ = 0.55, the 

dispersion value at this pump wavelength is 

quite small of –7.503 ps/nm.km. The second 

structure has anomalous dispersion with 

dispersion values as small as 0.799 ps/nm.km at 

1.3 µm pump wavelength. These two optimal 

structures have smaller dispersion than some 

previous work on hollow-core PCF infiltration 

to other fluids [15–18, 20–22]. 
d 

    

    

Figure 3. The dispersion as a function of wavelength of square-PCFs with various d1/Λ for 

(a) Λ = 1.0 µm, (b) Λ = 1.5 µm, (c) Λ = 1.8 µm and (d) Λ = 2.0 µm. 
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Figure 4. Intensity distribution in square lattice-based PCFs filled with CCl4 with various d1/Λ and Λ.

The effective mode area increases with 

wavelength as illustrated in Figure 5. The 

square lattice structure with high symmetry is 

one of the favorable factors for good 

confinement of light into the core resulting in a 

small effective mode area for all survey 

structures. This is one of the outstanding 

advantages of our research. For each fixed Λ, 

the increase of the filling factor d1/Λ reduces the 

effective mode area. 

As Λ varies, although the effective mode 

area curve shape is similar, its value increases 

with the increase of Λ. With the same value of 

d1/Λ, larger cores reduce light confinement 

in the core leading to an increased effective 

mode area. 
e 
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Figure 5. The effective mode area as a function of wavelength of square-PCFs with various d1/Λ for (a) Λ = 1.0 

µm, (b) Λ = 1.5 µm, (c) Λ = 1.8 µm and (d) Λ = 2.0 µm. 

The values of the effective mode area 

according to the variation of Λ and d1/Λ 

calculated at a wavelength of 1.55 µm are 

presented in Table 2. The minimum and 

maximum values of the effective mode area are 

1.933 µm2 and 11.099 µm2 correspond to the 

structures Λ = 1.0 µm, d1/Λ = 0.8, and Λ = 2.0 µm, 

d1/Λ = 0.3, respectively. For the structures with 

optimal dispersion introduced in the above 

section (Λ = 1.0 µm, d1/Λ = 0.55 and Λ = 2.0 µm, 

d1/Λ = 0.3), we find a small value of the 

effective mode area at the pump wavelengths 

are 2.982 µm2 and 10.45 µm2. These values are 

quite suitable for SC generation and smaller in 

comparison with previous studies on hollow-

core PCF  filled by CCl4 [21, 22]. 

Table 2. The effective mode area of square-PCFs with various Λ and d1/Λ at 1.55 µm wavelength 

d1/Λ 
Aeff (µm2) 

Λ = 1.0 µm Λ = 1.5 µm Λ = 1.8 µm Λ = 2.0 µm 

0.3 4.506 7.540 9.616 11.099 

0.35 4.185 6.792 8.657 10.040 

0.4 3.855 6.146 7.842 9.119 

0.45 3.555 5.621 7.184 8.403 

0.5 3.253 5.113 6.584 7.697 

0.55 2.982 4.661 6.012 7.041 

0.6 2.724 4.266 5.529 6.482 

0.65 2.497 3.906 5.063 5.944 

0.7 2.288 3.591 4.659 5.478 

0.75 2.101 3.301 4.284 5.031 

0.8 1.933 3.036 3.938 4.620 
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Because the nonlinear coefficient is 

inversely proportional to the effective mode 

area, its characteristics are exactly the opposite 

of the effective mode area (Figure 5). The 

nonlinear coefficient values are quite high for 

the two optimal structures (Λ = 1.0 µm, d1/Λ = 

0.55 and Λ = 2.0 µm, d1/Λ = 0.3) at the pump 

wavelength: 403.803 (W–1.km–1) and 84,728 

(W–1.km–1). 

The relationship between confinement loss 

and wavelength is exposed in Figure 6. A low 

confinement loss indicates that the modes are 

less likely to leak out of the core region of the 

PCFs. For all cases, confinement loss goes from 

a high to a low value as d1/Λ and Λ increase. In 

the longer wavelength region, the confinement 

loss is large because low-frequency light is not 

strongly confined in the core leading to the 

modes being leaked into the cladding of the 

PCFs. At wavelength 1.55 µm, we calculate the 

values of the confinement loss and present them 

in Table 3. The minimum value of the 

confinement loss is 21.306 dB/m for fiber 

Λ = 2.0 µm, d1/Λ = 0.8. The optimal fibers 

mentioned above have low confinement losses 

at the pump wavelength of 15.838 dB/m and 

26.487 dB/m, respectively (Λ = 1.0 µm, d1/Λ = 

0.55 and Λ = 2.0 µm, d1/Λ = 0.3). 

Table 3. The confinement loss of square-PCFs with various Λ and d1/Λ at 1.55 µm wavelength 

d1/Λ Lc (dB/m) 

 Λ = 1.0 µm Λ = 1.5 µm Λ = 1.8 µm Λ = 2.0 µm 

0.30 88.931 64.806 54.978 49.873 

0.35 86.790 61.326 51.699 46.821 

0.40 83.738 58.175 48.898 44.304 

0.45 81.793 56.150 47.100 42.945 

0.50 80.102 54.506 45.985 41.859 

0.55 77.525 52.509 44.369 40.499 

0.60 76.105 51.789 44.033 40.254 

0.65 73.966 50.586 43.134 39.497 

0.70 73.258 50.758 43.428 39.884 

0.75 72.040 50.599 43.529 39.942 

0.8 71.957 51.454 44.339 40.786 
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Figure 6. The nonlinear coefficient as a function of wavelength of square-PCFs with various d1/Λ for (a) Λ = 1.0 

µm, (b) Λ = 1.5 µm, (c) Λ = 1.8 µm and (d) Λ = 2.0 µm. 

 

    

    

Figure 7. The confinement loss as a function of wavelength of square-PCFs with various d1/Λ for (a) Λ = 1.0 µm, 

(b) Λ = 1.5 µm, (c) Λ = 1.8 µm and (d) Λ = 2.0 µm. 
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The selection of air holes size and core size 

gives us to achieve low values of confinement 

loss, the values of Lc at the pump wavelength 

are 3.904 dB/m and 18.015 dB/m of two 

fibers Λ = 1.0 µm, d1/Λ = 0.6 and Λ = 2.0 µm, 

d1/Λ = 0.3 respectively. Although the fiber 

Λ = 2.0 µm, d1/Λ = 0.3 has a higher 

confinement loss than the other fiber, it has 

much lower dispersion. Therefore, this fiber is 

capable of generating a wide SC spectrum 

through the soliton effect with input energy as 

low as nano joules. 

4. Conclusion 

By cleverly selecting a highly nonlinear 

liquid-like CCl4 to fill the hollow core of PCFs 

and modifying the structural parameters taking 

into account the recirculation loss of air pores in 

the mantle (air holes diameter d1 differs from d2), 

we have obtained some outstanding results as 

follows: Firstly, the achieved dispersion is 

quite diverse, flat and has a value as small as 

0.799 ps/nm.km which is suitable for SC 

generation. Second, the dispersion and 

nonlinear characteristics at the pump 

wavelength of two optimal structures have been 

analyzed in detail to have a suitable orientation 

in practical applications. Third, the effective 

mode area of all the designed PCFs has a small 

value leading to a large nonlinearity and the 

maximum value is 458.718 W–1.km–1 at the 

wavelength of commercial lasers of 1.55 µm. 

Fourth, we get a small value of the confinement 

loss at wavelength 1.55 µm. These obtained 

results demonstrate the high applicability 

of designed PCFs in low-cost all-fiber 

laser systems. 
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