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Abstract. We present a numerical study of the influence of the liquids on fiber properties. The
photonic crystal fiber (PCF) was proposed based on the GeSe2–As2Se3–PbSe chalcogenide, in-
filtrated with six organic liquids in air holes in the cladding. The guiding properties in terms of
dispersion characteristics, mode area, nonlinear coefficient, and confinement loss of the funda-
mental mode were numerically investigated. The result is that it is possible to shift the wavelength
of the zero dispersion by about 20 nm to longer wavelengths, and to reduce the slope of the dis-
persion curve of the fiber by the liquid filling. The results obtained also show that the PCF has a
larger mode area (lower nonlinear coefficient) when infiltrated with liquids with a higher refrac-
tive index. At the same time, the presence of liquid in the cladding is responsible for the increase
in confinement loss. In particular, the fiber has a lower confinement loss when infiltrated with
liquids with a higher refractive index.
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1. Introduction

Photonic crystal fibers (PCFs) have attracted the attention of researchers in the field of
optical communication since it was first fabricated in 1996 [1]. Since the cladding structure of
PCF can be flexibly adjusted according to practical applications, it has unique optical properties
such as endless single-mode operation over a wider spectrum [2], large birefringence [3], and
high nonlinearity [4]. Therefore, optical devices based on PCFs have gradually become a hotspot
of research. Recently, PCFs have been applied in the fields of optical communication, nonlinear
optics [5], fiber lasers and amplifiers [6], and super-continuum (SC) generation [7].
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The controllability of dispersion properties in PCFs is an important issue for practical
applications in optical telecommunications, especially for SC light courses. In some nonlinear
processes, e.g., four-wave mixing, maintaining phase matching between pulses is the main con-
cern [8,9]. The main cause of phase mismatch in PCFs is the dispersion characteristics, which can
significantly affect the efficiency of the nonlinear processes [10,11]. The magnitude of the disper-
sion properties and even the slope of the dispersion curve have an important impact on the phase
matching between pulses over a range of wavelengths [9]. The problem of phase matching in non-
linear processes can be solved by using highly nonlinear PCFs with dispersion properties close to
zero. Meanwhile, in SC generation applications, dispersion critically determines the generation
of new wavelength components in nonlinear optical fibers during spectrum broadening [12, 13].
Therefore, the dispersion characteristic of the fiber is a crucial criterion in developing nonlinear
optical fibers for SC applications.

With PCFs, the dispersion properties can be controlled in a broad spectral range via the
lattice constant and the filling factor [14, 15]. For example, an increase in the filling factor, for
a certain value of lattice constant leads to a shift of the zero-dispersion wavelength (ZDW) to
the shorter wavelengths. Conversely, for a given value of the filling factor, the ZDW is shifted
to longer wavelengths and the chromatic dispersion curves shift towards the normal dispersion
regime when the lattice constant is increased [14]. The use of different materials opens a new
degree of freedom for PCF design. Particularly, by using different materials, it is possible to shift
the ZDW and change the dispersion shape [15]. In addition, the dispersion of the PCF can be
further modified by infiltrating the air holes with different liquids [16, 17]. Filling the core of a
hollow core PCF with a highly nonlinear liquid can significantly increase the nonlinear coefficients
due to the high nonlinear refractive index of liquids and the tight mode confinement in PCFs [16].

Furthermore, low dispersion over a wide range can reduce the phase mismatch among in-
teractive optical waves to enhance the high nonlinear conversion efficiency [18]. Therefore, a
wide spectral range with low and flat dispersion enables broadband applications such as ultra-
short pulse, and wideband optical amplification [19], especially, for SC generation [8]. In our
previous works [20], PCF made of GeSe2–As2Se3–PbSe chalcogenide obtained low and ultra-flat
dispersion characteristics with fourth ZDWs by changing the diameter of the cladding air holes.
However, different diameters of air holes are also a real challenge in manufacturing. To overcome
this drawback, in this work, we numerically investigate the optical properties of PCF infiltrated
with different liquids. The fiber of GeSe2–As2Se3–PbSe chalcogenide has a hexagonal structure
consisting of six air hole rings in the cladding. The selected liquids are highly non-linear, non-
toxic, or low-toxic organic solvents. Six organic solvents were considered in this work. The
guiding properties in terms of dispersion characteristics, mode area, nonlinear coefficient, and
confinement loss of the fundamental mode were investigated numerically.

2. Design of the PCF and theory

In this section, we consider a conventional PCF whose background materials consist of
chalcogenide (GeSe2–As2Se3–PbSe), and air-holes in the cladding filled with C2Cl4, CCl4,
C2H4Br2, CHCl3, C2H5OH, and C7H8. The cross-section of the PCF is shown in Fig. 1. It is
assumed that it has six rings with air holes of the same diameter (d = 1.6 µm), arranged in a
hexagonal structure with a lattice constant Λ = 2.0 µm.
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Fig. 1. Cross-sectional structure of the designed PCF.

The Sellmeier equation gives the refractive index dependent on the wavelength of the ma-
terials used as below:

n =

√
A0 +

B1λ 2

λ 2−C1
+

B2λ 2

λ 2−C2
. (1)

where the constants Bi and Ci (i = 1,2) in the Sellmeier equation for these materials are listed in
Table 1. The refractive index of the materials used in this work are shown in Fig. 2. As can be
seen in Fig. 2, the refractive index of GeSe2–As2Se3–PbSe is larger than that of the other liquids
mentioned. Therefore, the guiding mechanism is provided by total internal reflection along the
fiber. Fig. 2(b) shows the transmission spectrum of GAP-Se in the wavelength range from 0 to
10 µm. This glass has a wide transparency window, ranging from 1.0 to 20.0 µm. The presence of
As2Se3 component will increase the transparency of this chalcogenide which is much wider than
other chalcogenide glasses [21]. Another advantage of GAP-Se chalcogenide is that this glass has
a high nonlinear refractive index compared with other glass [16].

The chromatic dispersion is the phenomenon in which the phase velocity of a light wave
depends on its frequency. The control of chromatic dispersion in the photonic crystal fiber (PCF)
can be achieved by manipulating geometric factors like pitch Λ, diameter d, and the arrangement
of air holes within the PCF structure. The dispersion of a PCF is calculated from the neff using the
group-velocity dispersion equation as follows [9]:

D =−λ

c
d2Re[neff]

dλ 2 , (2)

where c and λ denote the speed of light in a vacuum and the wavelength, respectively. Re[neff] is
the real part of the refractive index.
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Fig. 2. (Color online) (a) Refractive index of materials used and (b) transmission spec-
trum of the chalcogenide [21].

Table 1. Sellmeier coefficients of materials used.

Coefficient A0 B1 B2 C1 [µm2] C2 [µm2]
GeSe2–As2Se3–PbSe [20] -20.6611 28.5635 10.4782 0.0534534 8175.52
C2Cl4 [22] 1 1.21454 0.0350142 0.01456 123.107
CCl4 [23] 1 1.09215 0 0.01187 0
C2H4Br2 [14] 1 1.31637 0.401322 0.0161612 142.2298902
CHCl3 [24] 1 1.04647 0.00345 0.01048 0.15207
C2H5OH [16] 1 0.8318 -0.1558 0.0093 -49.452
C7H8 [25] 1 1.17477 0 0.01825 0

One of the most important properties of a strong nonlinear fiber is its nonlinear coefficient.
The nonlinear coefficient γ is defined as follows [9]:

γ(λ ) =
2πn2

λAeff
, (3)

where n2 is a nonlinear refractive index and Aeff is an effective area of the fundamental fiber mode,
defined as [9]:

Aeff =

(s
|E|2dxdy

)2

s
|E|4dxdy

, (4)

where E in the formula is the transverse electric field component.
The confinement loss Lc is the ability of light confinement in the core region and is cal-

culated using Eq. (5). Increasing the number of air hole rings supports the confinement of light
in the core area and leads to lower losses than in the models with fewer air hole rings. In addi-
tion, increasing the air hole radius increases the air-filling factor and reduces the confinement loss
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accordingly [9]:
LC = 8.686k Im[neff], (5)

where k is the wave number (k = 2π

λ
) in free space, and Im[neff] is the imaginary part of the effective

refractive index, and the unit is usually dB/m.
To analyze the fiber’s optical properties as a function of the geometrical parameters, the

numerical model of the fiber was created. The modes were calculated with a finite-difference
eigenmode (FDE) solver. The chromatic dispersion, and confinement loss of the fundamental
mode were calculated using the full-vector finite-difference method based on perfectly matched
layer boundary conditions using the commercial software Lumerical MODE.

3. Simulation results and discussion

In this section, we consider the optical properties of PCFs when the air holes are filled
with liquids in the cladding. The chromatic dispersion of the fundamental mode is calculated
as a function of wavelengths in the range of 1.5–5 µm in Fig. 3. The black lines show the dis-
persion characteristics in the fiber without liquid. When liquids enter the air holes, the disper-
sion slope is reduced. For example, at the wavelength of 3.2 µm, the dispersion value reduces
from 38.73 (ps/nm/km) to 0.837 (ps/nm/km), corresponding to the non-infiltrated and infiltrated
C2H5OH fibers, respectively. At the same time, the ZDW of the fibers is shifted by about 20 nm
towards longer wavelengths. The ZDWs of the fundamental mode of the fibers are 3.0, 3.12, 3.16,
3.17, 3.175, 3.178, and 3.20 µm, for un-infiltrated and C2H4Br2, C2Cl4, C7H8, CCl4, CHCl3, and
C2H5OH infiltrated fibers, respectively. The results obtained are interesting because the low dis-
persion near the ZDW ensures the creation of a broad super-continuum with strong confinement
at the core.

Fig. 3. (Color online) Dispersion of the fiber filled with liquids as a function of the wave-
length. The black line denotes the dispersion characteristic obtained in the fiber without
liquid.
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The numerical values of the effective mode area calculated for the liquid-filled PCF and
without liquid are shown in Fig. 4. The comparison shows that the mode area increases when the
fiber is filled with a liquid. In particular, the PCF has a larger mode area when it is infiltrated
with liquids with a higher refractive index. The smallest increase is observed with ethanol, and
the biggest with C2H4Br2. For the case of a wavelength of 3.0 µm, the mode area increases from
3.175 µm2 for air holes to 3.293 µm2 for ethanol, 3.334 µm2 for CHCl3, 3.34 µm2 for CCl4,
3.353 µm2 for C7H8, 3.355 µm2 for C2Cl4, and 3.372 µm2 for C2H4Br2. The increase in mode
area is relatively small, which is advantageous for nonlinear applications.

Fig. 4. (Color online) The mode area of the fundamental mode for the fiber-filled-liquids.
The black line denotes the fiber without liquid.

The nonlinear parameters related to the mentioned PCF and calculated with equation (3)
are also shown in Fig. 5. As can be observed, the nonlinear coefficient for the fiber decreases with
increasing wavelength in all cases. The liquid filling of the air hole in the cladding is the cause
of the decrease in the nonlinear coefficient of the fiber. At the same time, the fiber has a lower
nonlinear coefficient if it is infiltrated by liquids with a higher refractive index.

Lastly, we calculated the fiber confinement loss as a function of wavelength for the liquid-
filled fiber. The results are shown in Fig. 6. For all liquid-filled fibers, the confinement loss of the
fiber increases. The confinement loss tends to increase with increasing wavelength. In particular,
the fiber has a lower confinement loss when it is filled with liquids with a higher refractive index.
The highest confinement loss is observed for fibers infiltrated with C2H4Br2, and the lowest is
for ethanol. For example, at the wavelength of 4.5 µm, the confinement loss increases from
2.16× 10−13 dB/m for ethanol to 29.65× 10−13 dB/m for C2H4Br2. Results also show that the
confinement loss at a level of 10−11 dB/m does not limit the super-continuum generation because
the SC generation process can be achieved in a fiber sample only a few centimeters long. In
addition, the results have also shown that the fibers exhibit a negative loss at the smaller wavelength
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Fig. 5. (Color online) The nonlinear coefficient of the fundamental mode for the fiber-
filled-liquids. The black line denotes the γ obtained in the fiber without liquid.

Fig. 6. (Color online) Confinement loss of the fiber as a function of the wavelength for
different liquids. The black line denotes the fiber without liquid.

of 4.5 µm. This is because the fiber is made of GeSe2–As2Se3–PbSe, which has a high nonlinear
refractive index, where the amplification of nonlinear effects such as self-phase modulation (SPM)
and stimulated Raman scattering (SRS) can lead to reversible losses. This means that energy in the
fiber can be "amplified", so that electromagnetic waves can propagate through the fiber without
energy loss.



94 Dispersion management in organic liquid-cladding photonic crystal fiber based on GeSe2–As2Se3–PbSe . . .

4. Conclusion

In this work, we report a numerical study of the dispersion characteristics of photonic crys-
tal fibers (PCFs) infiltrated with liquids. PCFs were proposed based on the GeSe2–As2Se3–PbSe
chalcogenide, infiltrated with six organic liquids in air holes in the cladding. We found that it is
possible to control the zero-dispersion wavelength (ZDW) and the shape of the dispersion char-
acteristics of the fiber using liquid filling. When liquids enter the air holes, the dispersion slope
is reduced. At a wavelength of 3.2 µm, the dispersion value decreases from 38.73 (ps/nm/km)
to 0.837 (ps/nm/km), corresponding to the non-infiltrated and infiltrated C2H5OH fibers, respec-
tively. This means that it is possible to use the infiltrated liquids in the cladding of the fiber to
reduce the dispersion value (up to 97%). At the same time, the ZDW of the fiber shifts by about
20 nm to longer wavelengths. It can be seen the PCF has a larger mode area when it is infiltrated
with liquids with a higher refractive index. The presence of liquid in the cladding is responsible
for the increase in confinement loss. In particular, the fiber has a lower confinement loss when it
is infiltrated by liquids with a higher refractive index. The results obtained are interesting because
the low dispersion near the ZDW gives rise to a broad super-continuum with strong confinement
at the core. Moving the ZDW with the liquid-filled approach as desired allows us to use available
lasers with femtosecond optical pulses as input sources.
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