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Abstract: Germanium doped photonic crystal fibers with differences in the layers' air hole diameters 

in the cladding are presented to obtain flat dispersion, small effective mode area, and low attenuation 

property for supercontinuum generation applications. The flatness and small value of the dispersion 

depend on the lattice geometry when the fibers have the same germanium doping concentration. The 

dispersion of the square lattice fibers is a flatter and smaller value at the pump wavelength than the 

circular lattice fibers. Square lattice fibers with Ʌ = 0.9 µm, d1/Ʌ = 0.4 and Ʌ = 1.0 µm, d1/Ʌ = 0.45 

are proposed for supercontinuum generation which has anomalous and all-normal dispersion, 

respectively. Their small dispersion values of 0.449 ps /nm.km and −1.096 ps/nm.km are suitable 

for broad spectrum supercontinuum generation. The small effective mode area and low attenuation 

of the two fibers of 3.221 µm2, 2.361 µm2 and 1.805×10−7 dB/m, 1.322×10−15 dB/m, respectively 

are favorable conditions for choosing a laser pump sources with low peak power. The proposed 

fibers can be new supercontinuum generation source replacing traditional glass core fibers. 

Keywords: Photonic crystal fibers, germanium, flat dispersion, small effective area, low attenuation.  

1. Introduction* 

With flexibility in structural design, photonic crystal fibers (PCFs) are a potential medium for many 

applications, especially in supercontinuum generation (SC). Owing to the excellent thermomechanical 

properties and maturity of fabrication technology, silica-based fibers appear to be the most natural 

choice. However, pure silica has high phonon energy, about 1100 cm–1 [1], which limits the SC spectrum 

expansion in the mid-infrared region wavelength. To overcome this limitation, many solutions in SiO2-
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based fiber design have been shown to improve dispersion, and enhance fiber nonlinearity, i.e. improve 

SC transmission efficiency. 

Filling the hollow cores or air holes in the cladding with highly nonlinear fluids improves the fibers' 

dispersion and nonlinear properties, which have attracted current research groups. The flat dispersions 

and small pump wavelength help to broaden the SC spectrum when the fiber is injected in the all-normal 

or anomalous dispersion region [2-8]. Furthermore, the characteristic quantities of these PCFs, such as 

small effective mode area, high nonlinear coefficient, and low loss reduce the peak power of the pump 

source, which improves the SC generation efficiency. 

Using substances with high nonlinearity and low phonon energy such as GeO2 to dope into the cores 

of SiO2-PCFs with a certain molar concentration is also an excellent solution to diversify the application 

field and improve SC efficiency [9-11]. Depending on the doping concentration, the fibers can give 

losses lower than 120 dB/km at 1.9–2.0 μm [12]. A flat normal dispersion in the wavelength region of 

1.2–2.1 µm was achieved in SiO2-PCFs using doped GeO2 [13]. The coherent SC spectrum was 

generated through PCFs with dispersion as small as − 0.3 to 0 ps/(nm.km) in the wavelength region of 

1.49–1.85 µm [14]. The nonlinear coefficient of 83 W−1.km−1 at 1.55 µm was obtained by designing 

GeO2-doped PCFs with a core refractive index higher than 3% [15]. GeO2-doped PCFs with octagonal 

structure exhibited nonlinearity as high as 4,500 W−1.km−1 at 1,000 nm and confinement loss as low as 

10−9 dB/m at 1,800 nm [16]. The flatness and value of the dispersion can be controlled through 

adjustment of the GeO2 doping concentration, the authors [17] achieved a nonlinear coefficient of 0.0166 

W−1.m−1 and a small dispersion of −11.8 ps/(nm.km) at 1.55 μm, beneficial for wideband 

supercontinuum generation. 

Although the damage threshold of GeO2 is low (fews orders of magnitude lower than that of silica) 

[18], GeO2-doped PCFs have been experimentally fabricated to obtain broad-spectrum SC at different 

pumping wavelengths [19, 20]. The experiments reported in [21] proved a highest output power for a 

broadest spectrum from 700 nm to 3,200 nm based on GeO2-doped PCF at 1.55 m pump wavelength. 

In this work, we compare the dispersion of PCFs with a GeO2-doped core with the same molar 

concentration but a different lattice structure. With a 10 mol% of GeO2, fibers with square lattice give 

smaller and flatter dispersion than circular lattice fibers. Based on the numerical analysis results, two 

fibers with optimal dispersion are proposed for SC generation application. Furthermore, the low 

attenuation of about 10−7 dB/m and the small effective mode area of a few µm2 are favorable factors for 

selecting SC generation with low peak power. 

2. Numerical Modeling of the PCFs  

The structural geometric cross-sections of square and circular lattice GeO2-doped PCFs are shown 

in Fig. 1. We used Lumerical Mode Solution (LMS) software to simulate the structure of PCFs with 

square and circular lattice structures. The square and circular lattice structures are designed with six 

layers of air holes in the cladding. They are regularly arranged around the core spaced apart (Ʌ = 0.9 µm 

and 1.0 µm). The diameter d2 of the air holes in the second layer is designed differently from the diameter 

d1 of the first layer near the core to optimize dispersion and nonlinear properties [2, 3]. The filling factor 

d2/Ʌ is kept fixed at 0.95 while d1/Ʌ is varied from 0.3 to 0.65 with the step of 0.5. The circular core is 

doped with a 10% molar concentration of GeO2, whose diameter is determined by the formula Dc = 2Ʌ 

– d1. The core diameter of the PCFs is also one of the important structural parameters because the size 

of the core affects the ability to confine electromagnetic waves. There are two ways to design the core 

size of PCFs.  First, the core of the PCFs should not be too small to make dispersion control easier by 

designing photonic cladding. Second, the cores of the PCFs are large enough to reasonably match the 
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PCF-mode field diameters with the telecommunication single mode fiber. SiO2 and GeO2 are introduced 

into the data by declaring the coefficients in the Sellmeier Eqs. (1, 2) [22, 23]. 

 

Figure 1. Cross-section view of the square (a) and circular (b) SiO2-GeO2 PCF. 

With the full-vector finite-difference eigenmode method, the optical properties of the fibers in the 

0.6 – 2.0 µm wavelength range are calculated by solving the Maxwell wave equation with the boundary 

condition which is perfectly matched layer rectangles. This helps to well absorb incoming waves from 

the computed region without any reflections. The light is well confined in the core of PCFs thanks to 

the reasonable adjustment of the doped GeO2 molar concentration and lattice parameters (Fig. 2). 

                    

Figure 2. The light confinement in the core of the square (a) and circular (b) PCFs with Λ = 1.0 µm; d1/Λ = 0.45. 
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where SB, SC, GB, and GC are the Sellmeier coefficients for the SiO2 and GeO2 glasses, respectively, 

and X is the mole fraction of GeO2 (X = 0.1) (Table 1). 
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Table 1. Sellmeier’s coefficients for the GeO2-doped [23] 

Parameters SiO2 GeO2 GeO2-doped 

B1 0.6961663 0.80686642 0.707236312 

B2 0.4079426 0.71815848 0.438964188 

B3 0.8974794 0.85416831 0.893148291 

C1
 (µm) 6.84043×10–2 6.8972606×10–2 6.8461131×10–2 

C2
 (µm) 1.162414×10–1 1.5396605×10–1 1.20013865×10–1 

C3 (µm) 9.896161 11.841931 10.090738 

 

The refractive index of pure SiO2, pure GeO2 and a composite of 90% SiO2 :10% GeO2 with 

wavelength dependence are illustrated in Fig. 3. Pure GeO2-based PCFs often exhibit a significant loss 

[10], although their refractive index is the largest in the investigated wavelength range. Therefore, the 

new structure of PCFs with a GeO2 doped core with a specific molar concentration will help to reduce 

the loss and control the dispersion and the nonlinear properties of the PCFs, i.e. improve the SC 

generation efficiency. However, the GeO2 doping rate should also be kept in mind since the loss of PCFs 

will increase as the GeO2 doping concentration increases. 

 

Figure 3. The effective refractive index real parts (n) of pure SiO2, pure GeO2, and composite SiO2-GeO2. 

3. Simulation Results and Analysis 

We only analyze dispersion for the fundamental mode of the optical fiber, because the effects of 

intermodal dispersion usually overshadow those of chromatic dispersion. Furthermore, when the input 

pulse is short enough (≤ 10 ps), the higher-order modes do not affect the SC spectral expansion much 

[24]. Dispersion is an important property of PCFs that determines the appearance of nonlinear effects 

during SC generation, and it characterizes the propagation with different velocities of the spectral 

components. Chromatic dispersion (D) includes material dispersion and waveguide dispersion, which is 

defined by following formula [9]:  
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where λ and c are the wavelengths and the speed of light in a vacuum, respectively, and Re[n𝑒ff] is the 

real part of the effective index of the guided mode. 

 

 

 

 

Figure 4. The chromatic dispersion characteristics of the square SiO2-PCFs (a1 and a2) and composite  

SiO2-GeO2 PCFs (b1 and b2) with various values of d1/Λ and Λ = 0.9 µm and 1.0 µm.  

The variation of lattice parameters such as Λ and d1/Λ governs the PCFs’ dispersion properties and 

zero dispersion wavelength (ZDWs) shifts (Fig. 4). The dispersion properties are quite diverse with all-

normal and anomalous dispersion. To further analyze the influence of GeO2 doping on the dispersion 

properties of the fibers, we compare the dispersion of the undoped and doped square lattice fibers with 

the 10% molar concentration of GeO2. In the case of Λ = 0.9 µm (Fig. 4a1), we obtain only fiber with 

all-normal dispersion with d1/Λ = 0.5. The flattest anomalous dispersion with d1/Λ = 0.45 (the green 

curve) intersects the zero dispersion at about 1.85 µm. When the fibers are doped with GeO2 (Fig. 4b1), 

this curve becomes an all-normal dispersion curve, i.e. two all-normal dispersions are obtained with d1/Λ 

= 0.45 and d1/Λ = 0.5. It can be seen that doping GeO2 can cause the value of dispersion to decrease, 

even to negative values in the wavelength range from 1.1 µm to 2.0 µm. SC generation applications with 

small dispersion values can perfectly accommodate these dispersions. More, the shift of the ZDW 

towards the longer wavelength is an essential factor for choosing the right pump wavelength in the SC 

generation, which is usually chosen close to the 1.55 µm wavelength. It is the wavelength at which SiO2 

materials exhibit the lowest loss, and is the wavelength of common lasers in practice. Comparing the 
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dispersion curves in Figs. 4a1 and 4b1, the ZDWs tend to shift towards the longer wavelength when the 

core of the PCF is doped with GeO2. Especially the dispersion curve with d1/Λ = 0.4 has a ZDW of 1.493 

µm which is closer to 1.55 µm. This structure is well suited for SC generation in the anomalous 

dispersion region with soliton dynamics being the main mechanism in spectral expansion. 

When Λ is larger (Figs. 4a2 and 4b2), the number of all-normal dispersion curves is reduced. In the 

case of GeO2 undoped PCFs, only anomalous dispersion curves are found, the ZDWs are very far from 

the wavelength of 1.55 µm. A flat all-normal dispersion curve with d1/Λ = 0.45 is achieved when the 

fibers are doped with GeO2 (Figure 4b2). This fiber is expected to generate SC in the all-normal 

dispersion region with nonlinear effects such as self-phase modulation and optical wave breaking. 

 

 

 

Figure 5. The chromatic dispersion characteristics of the circular composite SiO2-GeO2 PCFs with various 

values of d1/Λ and Λ = 0.9 µm (c1) and 1.0 µm (c2). 

 

 

Figure 6. The chromatic dispersion characteristics of two proposed PCFs  

with circular (a) and square (b) lattice. 

The dispersion properties of PCFs are also affected by the lattice types. With the same 10 mol% of 

doped GeO2, we investigate the dispersion properties in circular lattice fibers (C-PCFs). The variation 

of dispersion curves with wavelength and lattice parameters are shown in Fig. 5. Compared with the 

square lattice PCFs (S-PCFs) (Fig. 4), the dispersion curves of the circular lattice PCFs are less flat and 
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the ZDWs shift towards the longer wavelength. We chose PCFs with Λ = 0.9 µm, d1/Λ = 0.4 (#F1) and 

Λ = 1.0 µm, d1/Λ = 0.45 (#F2) which have circular and square lattice respectively for analysis and 

comparison dispersion properties (Fig. 6). 

The anomalous dispersion of #F1 with C-PCF is flatter, closer to the zero-dispersion line than that 

of S-PCF. However, the #F1 fiber of S-PCF has a dispersion value of 0.449 ps/(nm.km) at a pump 

wavelength of 1.5 µm, which is smaller than that of the C-PCF fiber. The pump wavelength is chosen 

to satisfy two conditions: Firstly, it should be close to the maximum value of the dispersion curves to 

obtain a small value, which is convenient for SC application. Secondly, it must be suitable for the pump 

wavelength of laser sources in practice or other publications. With the all-normal dispersion of the  

S-CF, the #F2 fiber has a flatter dispersion than that of the C-PCF. This dispersion curve is very close to 

zero-dispersion. Furthermore, dispersion values at the pump wavelength of 1.064 µm as small as −1.096 

ps/(nm.km) are found. Based on the above numerical analysis, we propose two optimal structures of 

square lattice to simulate nonlinear properties and evaluate the suitability of these two fibers for SC 

orientation. The dispersion values obtained at the pump wavelength of the two proposed S-PCF fibers 

are smaller than some previous work on PCF based on SiO2-GeO2 composite [15, 17]. 

 

 

Figure 7. The effective mode area (a) and loss (b) of the two proposed S-PCF structures. 

The effective area is an important fiber parameter because it determines how tightly the light is 

confined to the core and relates to the nonlinear effect in the fiber through the nonlinear coefficient. It 

is calculated by following formula [25]: 
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where E is the amplitude of the transverse electric field propagating inside the PCF. 

The nonlinear coefficient is inversely proportional to the effective mode area and is computed using 

the nonlinear refractive index for SiO2-GeO2 material n2, as follows [25]. 
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The confinement loss characterizes the gradual decrease in power with propagation distance as light 

propagates in an optical fiber. It depends on the wavelength and the imaginary part of the effective 

refractive index, which is defined by following formula [26]: 

 c eff

2
8.686 Im[ ( )]L n





       (6) 

The graphs of effective mode area and loss vs wavelength for two proposed S-PCF structures are 

shown in Fig. 7. The effective mode area increases with increasing wavelength. The low-frequency 

waves have difficulty entering the core region of the PCF, leading to leakage of modes into the cladding 

or between different air holes, which causes an increase in Aeff in this wavelength region. The effective 

mode area of #F2 fiber is larger than that of #F1 fiber in the investigated wavelength range because #F2 

fiber has a larger core diameter than #F1. The larger the core size fibers, the less likely they are to confine 

light to the core. The effective mode area at the pump wavelength of the two fibers #F1 and #F2 is  

3.221 µm2 and 2.361 µm2, respectively. #F2 fiber has a smaller effective mode area at the pump 

wavelength, i.e. a larger nonlinear coefficient. The nonlinear coefficients at the pumping wavelength of 

#F1 and #F2 fibers are also calculated. They are 32.49 W−1.km−1 and 62.387 W−1.km−1, respectively. 

These values are similar to the nonlinear coefficient reported in [15] and much larger than that as shown 

in [17]. The confinement loss of the two proposed fibers increases quite rapidly in the 1.6−2.0 µm 

wavelength region, which is consistent with the loss of silica substrate in this wavelength range. The 

values of Lc at the pump wavelength of two fibers #F1 and #F2 are 74.554 dB/m and 11.106 dB/m. 

Although the Lc value obtained in our work is larger than previous publications [12, 16], the fibers 

exhibit flat dispersion, a small dispersion value, and a high nonlinear coefficient suitable for the SC 

application. It should also be noted that it is difficult to simultaneously optimize the optical properties 

of PCFs. Depending on different application purposes, it may be preferable to optimize the specific 

properties of PCF. 

4. Conclusion  

GeO2 doping in silica-based PCFs and suitable modification of lattice parameters are demonstrated 

as the essential factors for optimizing dispersion and other nonlinear properties of optical fiber, which 

strongly govern SC spectral characteristics. We compared dispersion based on designed PCFs with 

square, circular, doped, and undoped GeO2 lattices to evaluate the optimality in dispersion. From this, 

we introduce two optimized square lattice structures based on PCF doped 10 mol% of GeO2 for detailed 

analysis of dispersion and other nonlinear properties, including effective mode area, nonlinear 

coefficients, and confinement loss. The anomalous and all-normal flat dispersion of the #F1 and #F2 

fibers help to diversify the spectral characteristics in SC generation applications. The small dispersion 

values of 0.449 ps/(nm.km) and −1.096 ps/(nm.km), which are the outstanding advantage of this work, 

will help to broaden the SC spectrum. The low peak power laser pump sources in SC application will 

be suitable when using fibers with large nonlinear coefficients of 32.49 W−1.km−1 and 62.387 W−1.km−1, 

such as #F1 and #F2. 
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