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Abstract. The characteristics of photonic crystal fibers (PCFs) with various air hole diameters
infiltrated with alcoholic liquids such as ethanol, methanol, propanol and butanol are numerically
investigated. Based on the numerical results, we have analyzed and compared in detail the char-
acteristics of these fibers including effective refractive index, effective mode area, dispersion and
confinement loss for two sets of parameters {d,Λ} = {1 µm,5 µm} and {1.42 µm, 3.26 µm},
with d the air hole diameter and Λ the lattice constant, respectively. The PCF infiltrated with
ethanol and butanol shows better near zero flattened dispersion property at 1.42 µm and 1 µm
wavelength, respectively. The values of effective refractive index, effective mode area, dispersion
and confinement loss decrease in an orderly manner from butanol, propanol, ethanol to methanol
and all the alcoholic liquid’s curves of dispersion are flat and are very close to each other and
near the zero dispersion curve. The proposed PCF shows a promising prospect in technology ap-
plications such as supercontinuum generation.
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I. INTRODUCTION

The idea of the first PCF was proposed by Yeh and his partners [1] in 1978, the core of the
fiber was wrapped with a Bragg grating, similar to a one-dimensional photonic crystal. Photonic
crystal fibers were made of photonic crystals with an air-core invented by Russell in 1992 and the
first PCF with hexagonal structure was reported in the conference about optical fiber (OFC) in
1996 by Russell and colleagues [2], a new type of fiber. By cleverly disposing the structure, it is
possible to design the fibers to have desired transmission properties. PCFs that are designed and
manufactured may not disperse, lowly disperse, or extraordinarily (irregularly) disperse at the vis-
ible wavelength range. Dispersion can also be spread over a very wide range. The combination of
irregular dispersion with small mode field areas is noted in non-linear fibers. Due to the structural
diversity and geometrical parameters behaviors of PCF are qualified. The PCF studying focused
on air-injected fibers and achieved encouraging results [3–5]. However, when using gas, there
are some limitations such as: the dispersion lines with high slope, narrow dispersion wavelength
range, nonlinearity in small PCF gas, so they have limitations when applied for super continuous
emission. In recent years, many studies about PCF infiltrated with different liquids have been
of particular interest because it not only overcomes the limitations of gas PCF but also opens
up promising new applications in both fundamental research and device applications [6, 7]. The
PCFs have been extended the range of possibilities in optical fibers by improving well-established
properties such as geometry [8], confinement loss [9], possibility of broadband infrared super-
continuum generation [10], dispersion engineering [11], temperature sensitivity [12], influence
of temperature [13], optimization of optical properties [14]. Applications of PCF include lasers,
amplifiers, dispersion compensators, and nonlinear processing, optical devices [15], electrically
tunable [16, 17], ultra-flattened-dispersion [18, 19], optofluidic device [20], dispersion compensa-
tion [21], and supercontinuum generation devices [22, 23].

The property of a PCF is determined by the diameter of holes and lattices constant. The
effective cladding index of PCF can be flexibly controlled by adjusting the hole diameter (d) and
lattice constant (Λ) of their air hole arrays in the cladding [4, 24]. Due to a relatively high non-
linear refractive index of alcohols solution in comparison with solids (it is even up to 100 times
larger than that in fused silica [25]), alcohols solution would be the most basic liquids for many
applications because they comprise the vast majority of biological or chemical solutions and gen-
erating supercontinuum [12–14]. In this study, we design and optimize an air-glass fiber structure
infiltrated with alcoholic liquids such as ethanol, methanol, propanol, butanol. The characteristics
for PCF infiltrated with alcoholic liquids with various air hole diameters and lattice constants were
compared.

II. MODELING AND THEORY

Figure 1 shows the geometrical structure of the solid core-PCF. A PCF with regular hexag-
onal with air holes either empty or infiltrated with ethanol, methanol, propanol, butanol solutions.
In previous studies [12, 13, 26], authors have optimized the optical properties of PCF infiltrated
with water or ethanol with Λ = 3.26 µm, 5.0 µm and d = 1.0 µm, 1.42 µm. Thus, the PCF
structure was designed with 8 rings of air holes, the diameter of air holes and the lattice constants
are chosen as {Λ, d} = {3.26 µm, 1.42 µm} and {5.0 µm, 1.0 µm} for alcoholic liquids.



NGUYEN THI THUY et al. 211

 

Fig. 1. The geometrical structures of solid core-PCFs with hexagonal lattices in the
cladding infiltrated with alcoholic liquids.

The finite difference method to solve Maxwell’s equation on a cross-section of the PCF fiber
waveguide was used to model. Mathematically, by solving the Maxwell equation, an eigenvalue
equation is formed. Therefore, the differential equations are converted into a matrix eigenvalue
equation. In addition, the mode profiles, which are associated with the eigenvectors, and the
propagation constants, which correspond to the eigenvalues, are calculated. In this study, the char-
acteristics of the PCF structure such as effective refractive index, effective mode area, dispersion,
and confinement loss were calculated by using Lumerical Model Solution software [27].

The refractive index of a few guided modes is plotted in Fig. 2 as a function of wavelength.
Sellmeier’s equations (1) and (2) [28] show the dependence of refractive index on wavelength for
ethanol, methanol, propanol and butanol respectively.

The Sellmeier’s equation for ethanol:

n2
Ethanol (λ ) = 1+

A11λ 2

λ 2−B11
+

A21λ 2

λ 2−B21
, (1)

with coefficients: A11 = 0.83189, B11 = 0.00930 µm2, A21 = - 0.15582, B21= - 49.4520 µm2

The Sellmeier’s equation for methanol, propanol and butanol:

n2 (λ ) = A0 +A1λ
2 +

A2

λ 2 +
A3

λ 4 +
A4

λ 6 , (2)

where Ai are the coefficients, as illustrated in Table 1
With the fused silica, refractive index can be obtained using Cauchy’s equation (3) [29],

where λ is the wavelength in micrometers.

n2
Fused silica (λ ) = B0 +

B1λ 2

λ 2−C1
+

B2λ 2

λ 2−C2
+

B3λ 2

λ 2−C3
, (3)
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with coefficients: B0 = 1; B1 = 0.6694226, B2 = 0.4345839, B3 = 0.8716947, C1 = 4.4801×
10−3 µm2, C2 = 1.3285×10−2 µm2, C3 = 95.341482 µm2.

An important quantity in designing PCF is the effective mode area (Aeff). Aeff is character-
istic nonlinearity of PCF. It is related to the effective area of the core area defined as following (4)
[30]:

Aeff =

(
∞∫
−∞

∞∫
−∞

|E|2 dxdy
)

∞∫
−∞

∞∫
−∞

|E|4 dxdy

2

, (4)

where E is the electric field amplitude.
To evaluate the broadening or spreading of light propagating inside the PCF, chromatic

dispersion (D) can be used in investigating the dispersion properties of the PCF, the dispersion is
calculated in [30], which is defined as

D =−λ

c
d2Re

[
neff
]

dλ 2 , (5)

where Re
[
neff
]

is the real part of neff and c is the velocity of light in vacuum [20, 31].

Table 1. The value of Sellmeier coefficients for methanol, propanol and butanol

Sellmeier coefficients Methanol Propanol Butanol

A0 1.745946239 1.893400242 1.917816501

A1 - 0.005362181 µm−2 - 0.003349425 µm−2 - 0.00115077 µm−2

A2 0.004656355 µm2 0.004418653 µm2 0.01373734 µm2

A3 0.00044714 µm4 0.00108023 µm4, -0.00194084 µm4

A4 - 0.000015087 µm6 - 0.000067337 µm6 0.000254077 µm6

The other property of the PCF is confinement loss (Lc) created from the leakage of the
modes and the structure of the PCF [32]. It can be calculated by the following equation

Lc = 8.686k0Im
[
neff
]
(dB/m) , (6)

where ℑ
[
neff
]

is the imaginary part of neff [33].
The real parts of refractive index of ethanol, methanol, propanol, butanol and fused sil-

ica [28, 29] are shown in Fig. 2. Reliable data are available only for the wavelength range of
0.4 µm -1.8 µm, so we limited the simulation to this range.

In addition, the characteristics of the PCF can be flexibly controlled by adjusting the hole
diameter and lattices constant of air hole arrays in the cladding, especially these properties are
usually strongly dependent on infiltrating liquids such as ethanol, methanol, propanol and butanol.
These characteristics have been thoroughly investigated in this study.
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Fig. 2. Real parts of refractive index of alcoholic liquids and silica.

III. RESULTS AND DISCUSSION

III.1. Effective refraction index

  

Fig. 3. Real part of effective refraction index as a function of wavelength of the fiber
with various air hole diameters infiltrated with alcoholic liquids. a) d = 1.42 µm and
Λ = 3.26 µm and b) d = 1 µm and Λ = 5 µm

Figure 3 presents the effective refraction index (neff) of fundamental modes in the PCF
infiltrated with ethanol, methanol, propanol, butanol in two cases: a) d = 1.42 µm, Λ = 3.26 µm
and b) d = 1 µm, Λ = 5 µm. As seen in Fig. 3, the effective refraction index is changed with
varying the wavelength and the alcoholic liquids. The effective refraction index decreases with
increasing the wavelength and its value decreases in order from butanol to propanol, ethanol and
methanol. Moreover, the effective refractive index of the fiber infiltrated with butanol is greatest
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at the same value of wavelength and diameter of air holes because butanol’s real part of refractive
index is the largest at each wavelength.

As shown in Fig. 3a and 3b, the curves of the effective refractive index of the PCF infiltrated
with butanol propanol, ethanol and methanol are very similar in shape. However, the curves in Fig.
3a are separated more clearly at 1.55 µm wavelength than the curves in Fig. 3b. When the diameter
of air holes and lattices constant are 1.42 µm and 3.26 µm respectively, the curves are sloped so
the effective refraction index of alcoholic liquids decreases quickly with increasing the wavelength
(Fig.3a).

Table 2. The value of the effective refractive index of the fiber with various air hole
diameters at 1.55 µm wavelength infiltrated with alcoholic liquids.

λ ( µm) Liquids
neff

d = 1.42 µm and Λ = 3.26 µm d = 1 µm and Λ = 5 µm

1.55

Butanol 1.4379267 1.44308356

Propanol 1.43687585 1.44279326

Ethanol 1.43626663 1.44261515

Methanol 1.43539118 1.44228774

The value of the effective refractive index of the fiber with various air hole diameters at
1.55 µm wavelength infiltrated with alcoholic liquids are shown in Table 2. When the diameter of
air holes and lattice constant are 1 µm and 5 µm respectively, the value of the effective refractive
index of different liquids is greater than the other. In this case, the change in the effective refractive
index among alcoholic liquids is the minimum value equal to 0.0002 and maximum value equal
to 0.0007. Besides, the change in the effective refractive index among alcoholic liquids is the
minimum value equal to 0.001 and maximum value equal to 0.002 when the diameter of air holes
and lattice constant are 1.42 µm and 3.26 µm respectively.

III.2. Effective mode area
The dependence of effective mode area on the wavelength of the PCF infiltrated with alco-

holic liquids is calculated with various diameters and lattice constants of air holes and shown in
Fig. 4, its value increases with increasing of the wavelength and increases with decreasing of the
diameter of the air holes from 1.42 µm to 1 µm. As observed, the curves present a different shape
for the two cases of diameters and lattices constant of air holes, the increase of effective mode
area corresponding to wavelength in case (b) is faster than in case (a) (Fig. 4a and 4b). On the
other hand, the effective mode area of PCF infiltrated with butanol has the highest value among
PCF infiltrated with different alcoholic liquids at the same value of both wavelength and diameter
of the air holes. The value of effective mode area of cladding is reduced in order from butanol to
propanol, ethanol, methanol similar to the effective refractive index.

Table 3 shows the effective mode area value of PCF infiltrated with alcoholic liquids. At the
1.55 µm wavelength, with the diameter of air holes of 1.0 µm and 1.42 µm, the highest effective
mode area of butanol is 1202.32333 µm2 and 71.041579 µm2, respectively, its value is reduced
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Fig. 4. Effective mode area as a function of wavelength of the fiber with various air hole
diameters infiltrated with alcoholic liquids. a) d = 1.42 µm and Λ = 3.26 µm and b) d =
1 µm and Λ = 5 µm.

about 17 times. Meanwhile, the lowest effective mode area of methanol is 357.116216 µm2 and
25.6336195 µm2, its value is reduced about 14 times. Similarly, the reduction of the effective
mode area value for propanol is about 20 times, for ethanol is about 19 times. This is because,
with the increase of diameters, the refractive index of alcoholic liquids decreases, the local capacity
to light becomes strong, leading to reduction of the effective area, and the light field is more
concentrated to the core and gradually away from the cladding layer, so the influence of liquid
refractive index of the outer air hole on it is smaller and smaller [34].

Table 3. The value of the effective mode area of the fiber with various air hole diameters
at 1.55 µm wavelength infiltrated with alcoholic liquids.

λ (µm) Liquids
Ae f f (µm2)

d = 1.42 µm and Λ= 3.26 µm d = 1 µm and Λ = 5 µm

1.55

Butanol 71.041579 1202.32333

Propanol 42.0205109 845.546951

Ethanol 33.3779094 633.833495

Methanol 25.6336195 357.116216

Therefore, we emphasize that it is possible to tailor the range of the effective mode area
to be suitable to the needs of a specific application via varying the size of air hole diameters and
the kind of liquid. The PCF with a large effective mode area is used for high-power applications
such as laser welding and machining, optical lasers, and amplifiers due to these and nonlinear and
fiber damage limitations [35,36]. Meanwhile, the PCF with small effective area fibers have a high
density of power, thus are suitable for supercontinuum generation [37, 38].
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III.3. Chromatic dispersion
Figure 5 depicts the chromatic dispersion of the PCF as a function of wavelength. The

dispersion slope is large in the wavelength range from 0.5 µm to 0.9 µm and it becomes smooth
and close to zero in the wavelength range from 0.9 µm to 1.6 µm. The results show that the shape
of the dispersion characteristics for both diameters and lattice constants of air holes is different.
When the diameters and lattice constants of air holes are equal to 1.42 µm and 3.26 µm (Fig. 5a),
curves of the chromatic dispersion are clearly separated in the wavelength range from 0.9 µm to
1.6 µm, butanol and propanol’s curves do not cross the zero dispersion wavelength meanwhile
curves of ethanol and methanol are flat and very close to the zero dispersion wavelength. With the
wavelength higher than 1.2 µm, the value of the dispersion of methanol is highest for all cases,
the flattest dispersion curve, the nearest with the zero dispersion curve and the smallest of the
dispersion’s value is for ethanol in case (a) (Fig. 5a), it is due to the fact that the molecular density
of methanol is higher than that of the others, in consistence with the publication [26].

  

Fig. 5. Chromatic dispersion as a function of wavelength of the fiber with various air
hole diameters infiltrated with alcoholic liquids. a) d = 1.42 µm and Λ = 3.26 µm and b)
d = 1 µm and Λ = 5 µm.

In contrast, when the diameters and lattice constants of air holes are respectively equal to
1 µm and 5 µm (Fig.5b), the chromatic dispersion curves of alcoholic liquids are quite close to
each other, these curves are flat close to the zero dispersion wavelength in the range from 0.9 µm
to 1.6 µm. Furthermore, at the same value of wavelength and diameter of the air holes, values
of dispersion of PCF infiltrated with alcoholic liquids are approximately equal, indicating that the
PCF filled with butanol exhibits better near zero flattened dispersion characteristics. The PCF
with the diameter of 1.0 µm and lattice constant of 5 µm of air holes for all liquids exhibits the
flattest dispersed curve and the nearest with the zero dispersion curve; in this case, the dispersion
curves are optimal, which is very useful for optical information and supercontinuum generation at
near-infrared range.

In Table 4, the calculated values of dispersion for both cases at 1.55 µm wavelength are
shown. As seen in Table 4, with diameter and lattice constant of air holes of 1.42 µm and
3.26 µm, the smallest dispersion of PCF filled with ethanol of 5.91075308 (ps.(nm.km)−1) and
methanol of 19.3592474 (ps.(nm.km)−1) can be obtained. The value of butanol and propanol’s
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dispersion is negative and changing the sign of the dispersion as the diameter is decreasing to
1 µm. With decreasing the diameter of air holes to 1 µm, the PCF filled with alcoholic liq-
uids shows that the dispersion values are approximately equal (from 20.4739599 to 19.2975427
(ps.(nm.km)−1)). Comparing the value of dispersion of methanol and ethanol between two cases
for the diameter of air holes, the difference in value of the dispersion is not great for the methanol
(equal 0.9959 (ps.(nm.km)−1)), however, the difference for ethanol is quite large (equal 13.9324
(ps.(nm.km)−1)).

Table 4. The value of the chromatic dispersion of the fiber with various air hole diameters
at 1.55 µm wavelength infiltrated with alcoholic liquids.

λ ( µm) Liquids
D (ps.(nm.km)−1)

d = 1.42 µm and Λ = 3.26 µm d = 1 µm and Λ = 5 µm

1.55

Butanol -11.6359866 20.4739599

Propanol -4.42499772 19.2975427

Ethanol 5.91075308 19.8431732

Methanol 19.3592474 20.3551617

The proposed PCF which is filled with alcoholic liquids exhibits the zero dispersion (ZDW)
in the near-infrared range as shown in Table 5. The ZDW of the PCF infiltrated with ethanol is
higher than that of the PCF infiltrated with methanol for two cases of various air hole diameters.
Moreover, with increasing diameter of air-holes, the ZDW of PCF decreases for both methanol
and ethanol, the same phenomenon was observed in the PCF filled with water [13], the highest
ZDW of the PCF infiltrated with ethanol and methanol is 1.24604224 µm and 1.22405714 µm,
respectively. With the diameter of air holes of 1.42 µm, the value of the ZDW of butanol and
propanol cannot be determined but these values are 1.254266549 µm and 1.25374947 µm for
butanol and propanol at the 1 µm diameter of air holes, respectively. Moreover, the reduction of
the ZDW’s values of the fiber with various air hole diameters infiltrated with alcoholic liquids is
in order from butanol, propanol, ethanol to methanol.

Table 5. The value of the zero dispersion wavelength (ZDW) of the fiber with various air
hole diameters infiltrated with alcoholic liquids.

Liquids
ZDW ( µm)

d = 1.42 µm and ΛΛΛ = 3.26 µm d = 1 µm and ΛΛΛ = 5 µm

Butanol - 1.25426654

Propanol - 1.25374947

Ethanol 1.21868795 1.24604224

Methanol 1.12038063 1.22405714
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III.4. Confinement loss
The confinement loss as a function of wavelength of the PCF with various air hole diame-

ters is presented in Fig. 6, its value increases with increasing the wavelength and increases with
decreasing the diameter of the air holes from 1.42 µm to 1 µm. When the diameter and lattice
constant of air holes are equal 1 µm and 5 µm, the confinement loss curves are separated clearly.
Especially, the confinement loss curves of butanol increase linearly with wavelength and its value
is highest among the infiltrated with alcoholic liquids.

  

Fig. 6. The dependence of the confinement loss on the wavelength of the fiber with vari-
ous air hole diameters infiltrated with alcoholic liquids. a) d = 1.42 µm and Λ = 3.26 µm
and b) d = 1 µm and Λ = 5 µm.

Table 6. The value of the confinement loss of the fiber with various air hole diameters at
1.55 µm wavelength infiltrated with alcoholic liquids.

λ (µm) Liquids
Lc(dB/m)

d = 1.42 µm and ΛΛΛ = 3.26 µm d = 1 µm and ΛΛΛ = 5 µm

1.55

Butanol 230.858223 447.199955

Propanol 354.901137 421.062537

Ethanol 248.769953 338.318116

Methanol 230.322546 268.088848

Table 6 indicates the confinement loss of the PCF with various air hole diameters at 1.55 µm
wavelength infiltrated with alcoholic liquids. The confinement loss value increases when the diam-
eter of air holes decreases due to the decrease of absorption ability. With the diameter of air holes
of 1.42 µm, the highest and lowest confinement loss of propanol and methanol is 354.901137
dB/m and 230.322546 dB/m, respectively. When the diameter of air holes is 1.0 µm, the value of
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the confinement loss is reduced from butanol, propanol, ethanol to methanol, the highest value is
447.199955 dB/m for butanol and the lowest value is 268.088848 dB/m for methanol. The smallest
confinement loss and the flattest dispersed curve is convenient in application for supercontinuum
generation.

IV. CONCLUSION

The properties of these PCF such as the effective refractive index, effective mode area, dis-
persion and confinement loss of the fibers were studied numerically and analyzed with different
alcoholic liquids. The influence on the diameters and lattice constants of air holes is investigated,
too. Compared with the fibers infiltrated with different alcoholic liquids, the PCF infiltrated with
ethanol and butanol showed better near zero flattened dispersion property at 1.42 µm and 1 µm
wavelength respectively. With diameters and lattice constants of air holes equal to 1.42 µm and
3.26 µm, the smallest dispersion of PCF filled with ethanol of 5.91075308 (ps.(nm.km)−1) and
methanol of 19.3592474 (ps.(nm.km)−1). The highest ZDW of the PCF infiltrated with ethanol
and methanol is 1.24604224 µm and 1.22405714 µm, respectively. Specially, the value of effec-
tive refractive index, effective mode area, dispersion and confinement loss decrease in an orderly
manner from butanol, propanol, ethanol to methanol. Hence, the characteristics of a PCF fiber
infiltrated with different alcoholic liquids and so the geometry of its microstructure, is one of the
key factors for supercontinuum generation.
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Trippenbach, Ryszard Buczyñski and Jacek Pniewski, Laser Phys. 29 (2019) 075107.

[15] T. Larsen, A. Bjarklev, D. Hermann, and J. Broeng, Opt. Express 11 (2003) 2589.
[16] C. Yu and J. Liou, Opt. Express 17 (2009) 8729.
[17] F. Du, Y.-Q. Lu, and S.-T. Wu, Appl. Phys. Lett. 85 (2004) 2181.
[18] D. Noordegraaf, L. Scolari, J. Lægsgaard, L. Rindorf, and T. T. Alkeskjold, Opt. Express 15 (2007) 7901.
[19] K. M. Gundu, M. Kolesik, J. V. Moloney, K. S. Lee, Opt. Express 14 (2006) 6870.
[20] P. D. Rasmussen, J. Lægsgaard, and O. Bang, J. Opt. Soc. Am. B 23 (2006) 2241.



220 NUMERICAL ANALYSIS OF THE CHARACTERISTICS OF GLASS PHOTONIC CRYSTAL FIBERS . . .

[21] J. Park, D. Kang, B. Paulson, T. Nazari, and K. Oh, Opt. Express 22 (2014) 17320.
[22] C. Yu, J. Liou, S. Huang, and H. Chang, Opt. Express 16 (2008) 4443.
[23] R. Zhang, J. Teipel, and H. Giessen, Opt. Express 14 (2006) 6800.
[24] Z. Zhu and T. Brown, Opt. Express 8 (2001) 547.
[25] P. P Ho and R. R. Alfano, Phys. Rev. A 20 (1979) 2170.
[26] Hieu Van Le, Van Long Cao, Hue Thi Nguyen, An Manh Nguyen, Ryszard Buczyñski and RafałKasztelanic,
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