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Design and Optimization of C6H5NO2-Core Photonic Crystal
Fibers for Broadband Supercontinuum Generation with Low
Peak Power

Van Trong Dang and Van Lanh Chu*

This study presents a new square-lattice photonic crystal fiber (PCF) with a
nitrobenzene core. Considering the non-uniformity of the air hole diameter,
this new design allows the characteristic quantities to be optimized
simultaneously to ensure near-zero dispersion, a small effective mode area,
and low loss for efficient spectral broadening. The spectrum broadens
significantly at peak powers many times lower than in previous studies. Based
on the obtained results, two optimal PCFs are proposed and validated in detail
for supercontinuum generation (SCG). The first fiber #F1 operates in an
all-normal dispersion regime with a pump wavelength of 1.3 µm.It produces a
spectral supecontinuum (SC) from 0.726 to 1.649 µm with a pulse duration of
90 fs and a peak power of 133 W. Meanwhile, the second fiber #F2 operates in
anomalous dispersion regime with a pump wavelength of 1.61 µm. With a low
peak power of 300 W and a pulse duration of 150 fs, the fiber #F2 provides SC
generation with bandwidth from 0.805 µm to 3.970 µm. The proposed fibers
are suitable for all-fiber SC light sources, respectively, and may lead to new
low-cost all-fiber optical systems.

1. Introduction

Photonic crystal fibers (PCFs) are a special type of optical fiber
that can control the propagation of light.[1] Fabricated based on
the properties of photonic crystals with periodic refractive in-
dex (RI) distributions in fiber cross-section.[2,3] Unlike conven-
tional fibers, PCF consists of micro-holes running along the fiber
axis surrounding a central defect region that serves as the core.
According to their structure, PCFs can be classified into index-
guiding and photonic band-gap fibers (PBGFs), and all charac-
teristics of PCFs are derived from the presence of air holes in the
cladding. PCFs can be used in a variety of research fields and prac-
tical applications. Here it is worthmentioning fiber light sources,
supercontinuum generation (SCG) devices, fiber optic sensors or
nonlinear devices,[2–4] endless single-mode properties,[5] single-
polarization single-mode operation,[6] high birefringence,[7,8]
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tailorable dispersion profiles and flat or
ultra-flat dispersion.[9,10] Where the gen-
eration of supercontinuum (SC) light
is one of the important applications.
Because of its unique properties, SCG
has been exploited in various prospects
including optical coherence tomogra-
phy, optical metrology, multimodal bio-
photonic imaging, and high-speed optical
communication.[11–14]

The SCG occurs when the ultra-short
optical pulses are pumped into a highly
nonlinear medium.[15] It is a complex
process of spectral broadening of ultra-
short optical pulses, which undergo sev-
eral nonlinear interactions in the optical
nonlinear medium. The action of non-
linear effects including Self-Phase Mod-
ulation (SPM), Optical Wave Breaking
(OWB), Cross-Phase Modulation (XPM),
Raman Scattering (SRS), Raman–Kerr
Scattering (RKS), Modulation Instabil-
ity (MI), Soliton Fission (SF), Soliton

Self-Frequency Shift (SSFS), and dispersive wave (DW).[16–18] De-
pending on the choice of the pump wavelength within the dis-
persion range, the corresponding effects will appear during SCG.
Furthermore, to achieve the best SCG efficiency, the PCF should
has flat and near to zero dispersion curve, the attenuation and
effective mode area should be as small as possible. We can de-
sign and tune the structural parameters of PCF such as lattice
constant, air-holes size, type of lattices, solid or hollow core, and
material to achieve this goal.
A common approach is the development of supercontinuum

light sources based on PCFs made of silica or highly nonlinear
glasses. Silica is often used in SC generation due to its special
purity and very high laser damage threshold. However, Silica is
not transparent in the mid-infrared (m-IR) and exhibits relatively
low nonlinearity. On the other hand, PCF from highly nonlinear
glasses can produce SC generation in them-IR range. However, a
drawback of using soft glass fibers for SCG is their incompatibil-
ity with silica-based fiber systems, which are typically performed
in expensive and complex experimental systems.[19,20]

Recently, liquid-filled hollow-core fibers have been proposed as
an attractive approach for SC generation because liquids exhibit
high nonlinearity and high transparency.[19,21–33] Table 1 gives a
brief summary of the results achieved with liquid core PCFs in
recent years. Previously reported hollow-core PCFs showed ex-
cellent dispersion control and improved nonlinearity, as well as
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Table 1. Overview of SCG in several liquid-core PCFs.

Liquid-Core Peak power
[W]

Pump wavelength
[μm]

Fiber length
[cm]

SC spectral range
[μm]

Regime

CCl4
[27] 62 500 1.03 20 0.85–1.25 All-normal

CHCl3
[28] 2500 1.03 10 0.6–1.26 All-normal

CHCl3
[28] 2000 1.03 10 0.6–1.4 Anomalous

C6H5NO2
[22] 1000 1.81 5 1.3–2.8 All-normal

C6H5NO2
[29] 5550 1.56 5.0 0.8–2.1 All-normal

C6H5NO2
[29] 660 1.56 5.0 1.3–2.3 Anomalous

C6H6
[20] 55 000 1.56 1.0 0.7–2.0 All-normal

C6H6
[20] 37 000 1.56 1.0 0.6–3.5 Anomalous

C2Cl4
[30] 16 670 1.56 5.0 0.8–2.0 All-normal

C2Cl4
[30] 16 670 1.56 10 1.0–2.0 Anomalous

C2Cl4
[30] 20 830 1.03 10 0.7–2.4 Anomalous

C2H4Br2
[31] 12 500 1.03 10 0.64–1.7 All-normal

C2H4Br2
[31] 750 1.03 15 0.7–2.4 Anomalous

C7H8
[32] 7140 1.55 10 1.1–1.75 All-normal

C7H8
[32] 6670 1.55 10 1.0–1.75 Anomalous

C7H8
[33] 25 000 1.03 10 0.95–1.1 All-normal

C7H8
[34] 450 1.064 1 0.642–1.592 All-normal

C7H8
[34] 550 1.55 10 0.911–2.496 Anomalous

peak performance for generating wide SCs. However, the peak
power used by this PCF is very high, up to tens of kW. In most
of the works above (Table 1), the diameters of the air holes in the
cladding are the same size, so only the dispersion can be opti-
mized in the PCF structure, but not the effective mode area and
the attenuation.[27–33]

Most recently, Ref. [34] reported a PCF with a toluene-core
(C7H8-core) with a circular lattice of SCG. In which, the PCF
structure has a difference in air hole diameter between the first
ring and the rest of the lattice rings, which helps to optimize the
characteristic quantities. However, the authors using a circular
lattice PCF structure can only optimize the effective mode area
due to its symmetry, but not optimize dispersion. Therefore, the
SCG performance of PCF is still limited in this paper.
Nitrobenzene was chosen to fill the hollow-core PCF due to

its high nonlinear refractive index of n2 = 671 × 10−20 m2 W−1

at 1064 nm,[35] which is about 240 times higher than that of
Silica,[36] because it is higher than other liquids such as CHCl3,
CCl4, C2Cl4, and C7H8. Moreover, it has moderate toxicity,[35] rel-
atively low attenuation with respect to other liquids of the nonlin-
earity, the low vapor pressure at room temperature, and ease of
handling.[37] By filling the core with C6H5NO2, our previous work
on hexagonal lattice PCFs with varying air-holes size showed that
the dispersion properties of PCFs can be tuned by achieving flat
and low dispersion at peak dispersion wavelengths close to the
pump wavelength.[21] This allows optimization of both the ef-
fective mode area and attenuation. However, to fully exploit ad-
vances in fabrication technology and overcome the limitations of
hexagonal PCFs, that is, to enhance the flatness of the spectrum.
In this paper, we designed a new square-lattice hollow-core PCF
filled with nitrobenzene. The square PCFs play an important role
in reaching near-zero ultra-flattened dispersion that contributes
to SC generation because it is highly symmetric and easier to de-

sign than other types of lattice. An air-filling fraction of square
lattice PCF is quite low which causes a higher refractive index
of cladding, and hence, the lower field confinement and more
interesting dispersive characteristics. A series of numerical sim-
ulations are performed to investigate the effects of initial pulse
characteristics (input peak power and pulse duration) on the SC
bandwidths of the two optimal structures, achieving wider band-
widths than previous work with low-peak power.
The article is structured as follows. Part 2 describes the nu-

merically constructed C6H5NO2 core PCF. The next section dis-
cusses optimizing the PCF parameters. In Section 4, we show
that the optimally selected low-peak power fiber achieves an ex-
tended spectrumwith high efficiency compared to previous stud-
ies. Finally, Section 5 presents the conclusion of the work.

2. Numerical Modeling

A study on the chromatic dispersion of solid-core PCFs by Saitoh
et al.[38] showed that the lattice parameter of the air hole near
the core has a significant effect on the dispersion properties of
the PCFs, comprising the normal or anomalous regime, zero-
dispersionwavelength shift (ZDW), flat dispersion characteristic.
The second ring onward is mainly responsible for attenuation,
especially higher-order modes, and bending conditions. In this
work, the authors did not apply the obtained results to SCG but
analyzed only the PCF features. Based on this idea, we designed
a PCF structure in which the diameter of the air holes in the first
lattice ring is different from the other lattice rings.
The PCF consists of eight rings of air holes with diameter d,

arranged in a square lattice with lattice constant Ʌ, as shown in
Figure 1. A finite-difference eigenmode (FDE) method with an
anisotropic perfectly matched layer (PML) was used to obtain im-
portant properties such as dispersion coefficients, effective mode

Cryst. Res. Technol. 2023, 2300085 © 2023 Wiley-VCH GmbH2300085 (2 of 10)

 15214079, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/crat.202300085 by Pcp/U

niversity O
f W

arsaw
, W

iley O
nline L

ibrary on [06/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.crt-journal.org


www.advancedsciencenews.com www.crt-journal.org

Figure 1. The geometrical structure of PCF in our work.

areas, and nonlinear coefficients. In PCFs, changing the air-hole
size and lattice constant can significantly change all optical pa-
rameters, but the physical realization remains a real challenge.
The linear filling factor of the photonic cladding is determined by
the formula f= d/Ʌ. Control the filling factor d1/Ʌ to optimize dis-
persion characteristics (d1 is the air-hole diameter of the first lat-
tice ring near the core) and set the filling factor in the remaining
lattice rings (d/Ʌ) to 0.95 to optimize the effective mode area and
loss. The lattice constants (Ʌ) chosen for the study varied from
1.0 to 2.5 μmwith a step of 0.5 μm and the filling factor d1/Ʌ was
varied from 0.3 to 0.8 with a step size of 0.05. The PCF structure
is simulated over a limited wavelength range of 0.5 to 2.0 μm,
as data are probably only available in this wavelength range. The
diameter of the core satisfies the formula Dc = 2Ʌ−1.1d1, where
Dc is the diameter of the core. The maximum core diameter is
Dcmax = 4.175 μm corresponding to the case Ʌ = 2.5 μm and d1/Ʌ
= 0.3 and the minimum core diameter value is Dcmin = 1.12 cor-
responds to Ʌ = 1.0 μm and d1/Ʌ = 0.8. This size range takes into
account the limitations of the stack-and-draw process commonly
used to manufacture PCF.[39] Either a fusion splicer or a laser
scribing technique is used to selectively introduce the liquid into
the core of the PCF.[40,36] Liquid is filled into the PCF core based
on an integrated microfluidic pumping system. These analyzes
apply only to optimal fibers and do not guarantee whether the
PCF chosen is single-mode or multi-mode.
Figure 2a shows the real part characteristics of the wavelength

refractive index of C6H5NO2 compared with that of fused silica.
It can be seen that the refractive index of C6H5NO2 is always
greater than that of SiO2. Therefore, the light transmitted in PCF
based on Silica with a C6H5NO2-core follows the same total in-
ternal reflectionmechanism as in conventional optical fibers. On
the other hand, On the other hand, we experimentally measure
the imaginary part k of the linear refractive index, as shown in
Figure 2b.
The real part of the linear refractive index n of C6H5NO2 and

SiO2 is calculated as a function of wavelength using the Sellmeier
formula in Equations (1) and (2).[41,42]

n2Nitrobenzene(𝜆) = 1 + 1.30628𝜆2

𝜆2 − 0.02268
+ 0.00502𝜆2

𝜆2 − 0.28487
(1)

n2Silica (𝜆) = 1 + 0.6694226𝜆2

𝜆2 − 4.4801.10−3
+ 0.4345839𝜆2

𝜆2 − 1.3285.10−2

+ 0.8716947𝜆2

𝜆2 − 95.341482
(2)

Dispersion in an optical fiber includes a waveguide dispersion
and material dispersion according to the formula Equation (3),
where Re[neff] is the real part of the effective refractive index of
the guided mode and c is the speed of light in a vacuum.[43]

D = −𝜆

c
𝜕2Re[neff ]

𝜕𝜆2
(3)

The units of the nonlinear coefficients of the PCF are (W−1 km−1),
determined by the formula in Equation (4).[43]

𝛾(𝜆) = 2𝜋
n2

𝜆Aeff
(4)

where Aeff is the effective mode area (an important feature of
PCF). It is inversely proportional to the nonlinear coefficient and
is given by Equation (5).[43]

Aeff =

( ∞∫
−∞

∞∫
−∞

|E|2dxdy)
∞∫

−∞

∞∫
−∞

|E|4dxdy
2

(5)

where E is the electric field amplitude.
The PCF properties are computed based on “a full-vector finite

difference mode solver.”[44] This solver divides the cross-section
of the fiber into small rectangular sections called “Yee’s mesh.”
The optical properties of each Yee mesh are approximated as un-
changed. For points lying on the surface between two media, an
index averaging technique is used for the cells across the inter-
face. Note that optimization algorithms are not used in this doc-
ument, but better optical properties can be obtained with opti-
mization algorithms. It can be explained that the structural pa-
rameters of PCFs vary very slightly, consistent with a “stack-and-
draw” manufacturing process of about 50 nm (For example, the
filling factor varies by 0.05, and the lattice constant changes by
0.5 μm).[39] Moreover, using optimization algorithms during sim-
ulation takes a lot of time. Therefore, a simpler method based on
the optimization of dispersion properties was applied.

3. Optimization of the Characteristic Quantities
of PCF

Figure 3 shows the effect of varying the filling factor (d1/Ʌ) and
the lattice constant (Λ) on the dispersion (D). Looking at the dia-
gram, we can see that the square lattice structure has varying dis-
persion at different wavelengths. The resulting dispersion curves
contain all-normal and anomalous dispersions with one or two
ZWDs. The dispersion properties were governed by changing the
filling factor d1/Ʌ and the lattice constant (Λ). Moreover, chang-
ing these two parameters shifts the ZDW to longer wavelengths.
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Figure 2. a) Real parts of the refractive index of C6H5NO2 and SiO2. b) The imaginary part of the refractive index k of C6H5NO2.

Figure 3. The dispersion properties of C6H5NO2-core PCFs have different Λ with values of d1/Λ varying from 0.3 to 0.8. a) Λ = 1.0 μm, b) Λ = 1.5 μm,
c) Λ = 2.0 μm, and d) Λ = 2.5 μm.
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Figure 4. The chromatic dispersion of the selected structures.

At small lattice parameters (Λ = 1.0 μm, Figure 3a), PCFs exhibit
both anomalous and normal dispersion properties. A PCF with
two ZDWs values can be obtained for d1/Ʌ = 0.75 and d1/Ʌ =
0.8, whereas the PCF only yields one ZDW with d1/Ʌ ≤ 0.35 in
the examined wavelength range. In this case, all-normal disper-
sion usually occurs only when 0.4 ≤ d1/Ʌ ≤ 0.7. This fiber has
flat dispersion and is close to the zero dispersion curve in the
long wavelength range, which is expected to be useful for the SC
generation. On the other hand, all PCFs with larger cores (Λ =
1.5 μm, Λ = 2.0 μm, Λ = 2.5 μm) are in the anomalous disper-
sion regime with one ZDW. Moreover, for a given value of Ʌ (Ʌ >

1.0 μm), the ZDWshifts to longer wavelengths as the filling factor
d1/Ʌ decreases. In contrast, for some values of filling factor d1/Ʌ,
the ZDW shifts to shorter wavelengths as the Ʌ deceases. The
above analysis and simulation results show that by carefully tun-
ing the air hole diameter d1 of the first ring of the PCF structure,
it seems that the desired dispersion properties of the structure
can be easily obtained.
The optimal structure chosen for SCG should have a flat dis-

persion curve and be close to the zero-dispersion curve. Based on
this, we selected two optimal fibers for SCG, namely #F1 (d1/Ʌ
= 0.7; Ʌ = 1.0 μm) and #F2 (d1/Ʌ = 0.3; Ʌ = 2.5 μm. Figure 4
shows the dispersion properties of the proposed fiber. Fibers #F1
operate in an all-normal dispersion regime, with amaximumdis-
persion value of −7.208 ps nm−1 km−1 located at a wavelength of
1.235 μm. SC generation using PCF with an all-normal disper-
sion regime has a great advantage in the output pulses are co-
herent, high stability, and flat, making any work effort possible.
The pump wavelength for the fiber #F1 is chosen to be 1.3 μm.
This is because this value is close to the wavelength value at the
maximum point of the dispersion curve. This makes it possi-
ble for the fiber to obtain an extended spectrum. On the other
hand, the fiber #F2 exhibits anomalous dispersion and has a zero-
dispersion wavelength at 1.607 μm. Therefore, we chose a pump
wavelength of 1.61 μm for the fiber #F2 (the pump wavelength
chosen here satisfies the condition of having a larger value and
being close to the zero-dispersion wavelength). The dispersions
of fibers #F1 and #F2 at the pump wavelength are −10.764 and
0.319 ps nm−1 km−1, respectively.

Figure 5a shows the fundamental mode attenuation character-
istics of fibers #F1 and #F2. Attenuation of the proposed fibers
include confinement loss and material loss of C6H5NO2 in the
core as well as silica in the cladding. Since C6H5NO2 has higher
refractive index than silica, the light is strongly confined inside
the core resulting in low confinement loss. Consequently, atten-
uation profiles of fibers with various core diameters follow the
material attenuation of C6H5NO2, see Figure 5a. However, in the
mid-IR range, a fiber with a small core diameter (#F1: Dcore =
1.23 μm) has a attenuation slightly higher than a large core fiber
(#F2: Dcore = 4.175 μm). The higher attenuation of the small core
fiber originates from confinement and high absorption of silica
in the mid-IR range. The attenuation of fiber #F2 is the smallest
and almost coincides with the horizontal axis. The attenuation
value at 1.3 μm pump wavelength for fiber #F1 is 0.271 dB cm

−1.
A low attenuation is an advantage of our model compared to pre-
vious studies. The effective mode area of the proposed PCF is
shown in Figure 5b. The results in the figure show that the effec-
tive mode area for both fibers increases linearly with increasing
wavelength. Due to the larger core diameter, the effective mode
area for #F2 is always larger than the case of others. At the pump
wavelength, fibers #F1 and #F2 have effective mode area values
of 1.462 (μm2) and 6.978 (μm2), respectively. The nonlinear coef-
ficient is inversely proportional to the effective mode area accord-
ing to Equation (4), so it tends to decrease linearly with increas-
ing wavelength, Figure 5c. The nonlinearity of fiber #F1 is always
larger than that of #F2, the nonlinearity value of the former is
2107 (W−1 km−1) at the pump wavelength, while that of #F2 is
441 (W−1 km−1). Table 2 shows a comparison between the pro-
posed fiber properties and previously published values. The two
proposed fibers of this work havemany times smaller attenuation
compared to the works compared in Table 2.[21,27,30,32,33] In the
normal dispersion regime, the fiber #F1 has a smaller effective
mode area than previously reported, leading to higher nonlinear
coefficients.[21,27,30,32,33] In this case, the nonlinear coefficients of
the fiber #F1 are 95 times and 13 times larger than that of the
previous Ref. [27] and Ref. [28]. Moreover, for the anomalous dis-
persion regime, the effective mode area values in our study are
much smaller than those in the compared studies.[27,30,32,33]

4. Supercontinuum Generation in Optimized PCFs

The nonlinear propagation process of the pump pulse in the PCF
can be expressed in terms of the Schrödinger equation (GNLSE)
using the symmetric split-step Fourier transform method,[43]

which is given by the formula:

𝜕zÃ − i𝛽 (𝜔) Ã − �̃� (𝜔)
2

Ã

= i𝛾
(
1 +

𝜔 − 𝜔0

𝜔0

)
ÃF

⎡⎢⎢⎣
∞

∫
−∞

R
(
T ′) |A|2 (T − T ′) dT ′

⎤⎥⎥⎦ (6)

where Ã(𝜔) is the Fourier transform of the amplitude of the pulse
A(t).
On the left side of Equation (6), the linear parameters𝛼 and𝛽

represent propagation loss and dispersion in the frequency
domain of an optical fiber. Higher-order dispersion shows a
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Figure 5. a) The attenuation of the fundamental mode for fiber #F1 and #F2, b) the effective mode area of the fundamental mode for fiber #F1 and #F2,
and c) the nonlinear coefficient of the fundamental mode for fiber #F1 and #F2.

Table 2. The characteristic values of the proposed PCFs in comparison with previous publications.

# Pump wavelength
[μm]

D
[ps nm−1 km−1]

Aeff
[μm2]

𝛾

[km−1 W−1]
Attenuation
[dB cm−1]

Regime

#F1 [This work] 1.3 −10.764 1.462 2107 0.271 All-normal

#F2 [This work] 1.61 0.319 6.978 441 6 × 10−17 Anomalous

C6H5NO2, #HF1
[21] 1.56 −3.18 2.059 1.496 6.52 All-normal

C6H5NO2, #HF2
[21] 1.55 6.215 6.538 471 4.92 Anomalous

CCl4
[27] 1.03 −85 42.2 22.1 - All-normal

C2Cl4, #F1
[30] 1.56 −15.0 433.2 156.9 0.04 All-normal

C2Cl4, #F2
[30] 1.56 3.20 16.67 40.79 0.042 Anomalous

C2Cl4, #F3
[30] 1.03 −4.85 359.1 189.3 0.053 Anomalous

C7H8, #I_0.3
[32] 1.55 −7.784 7.79 1200 0.4 All-normal

C7H8, #I_0.35
[32] 1.55 −1.19 78.9 - 1.2 Anomalous

C7H8
[33] 1.03 −150 ÷ −5 73.2 130 - All-normal

Cryst. Res. Technol. 2023, 2300085 © 2023 Wiley-VCH GmbH2300085 (6 of 10)
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Table 3. The coefficients of high-order chromatic dispersion at the pump
wavelength.

Coefficient #F1 #F2

𝛽2 (ps
2/m) 9.23 × 10−3 −1.01 × 10−3

𝛽3 (ps
3/m) −8.32 × 10−5 1.21 × 10−4

𝛽4 (ps
4/m) 1.26 × 10−6 −3.96 × 10−7

𝛽5 (ps
5/m) −4.28 × 10−9 1.78 × 10−8

𝛽6 (ps
6/m) −1.95 × 10−12 −4.93 × 10−12

𝛽7 (ps
7/m) −1.20 × 10−12 −4.66 × 10−12

𝛽8 (ps
8/m) 2.44 × 10−14 2.48 × 10−14

𝛽9 (ps
9/m) 4.63 × 10−16 9.50 × 10−16

𝛽10 (ps
10/m) −1.72 × 10−17 −9.58 ×1 0−18

𝛽11 (ps
11/m) −4.97 × 10−20 −1.92 × 10−19

significant effect as the center wavelength of the input pulse ap-
proaches the ZDWand is calculated by the expansion coefficients
of the Taylor series around the center wavelength 𝜔0, the expan-
sion of the propagation constant (𝛽) can be obtained by[40]

𝛽k (𝜔) =
dk𝛽 (𝜔)

d𝜔k

|||||𝜔=𝜔0

(7)

where k = 2, 3, 4 are the dispersion coefficients. Table 3 shows
the higher-order dispersion at the pump pulse frequency in nu-
merical modeling.
The right-hand side of the equation depicts the nonlinear ef-

fects which depend on the nonlinear optical response of nitroben-
zene that is identified by the combination of the bound-electronic
and nuclear contribution. The subscripts el, d, l, and c indicate
the bound-electronic, molecular reorientation, molecular inter-
action, and collision induced, respectively. 𝜏r and 𝜏f are rise time
and fall time. The Raman response function R(t) is described in
Equation (8):

R(t) =
(
1 − fR

)
𝛿(t) + fRR(t

′) (8)

where 𝛿(t) is the Dirac delta function and fR is a part of the delayed
contribution, which is a fraction of nuclear contribution to the
nonlinear optical response of nitrobenzene. fR of nitrobenzene is
≈0.87.
R(t′) represents the delayed nonlinear response, is a sum of

the electronic-bound and molecular contribution mechanisms
which is able to be defined as in the following Equation (9):[45]

R
(
t′
)
= 1

N

[
2nel +

(
n2lC21e

−t∕tft

∞

∫
0

sin (𝜔t′)
𝜔

g (𝜔) d𝜔

+
∑
k=c,d

n2kC2k

(
1 − e−t

′∕trk
)
Θ
(
t′
))]

(9)

where N = n2el + n2c + n2d + n2l, and the values of
n2,el, n2,d, 𝜏r,d, 𝜏f,d, n2,l, n2,c , 𝜏r,c , 𝜏f,c , 𝜏f,l are determined as follows:

n2,el = 0.6 × 10−19m2∕W; n2,d = 5.0 × 10−19m2∕W;

n2,l = 1.7 × 10−19m2∕W; n2,c = 0.35 × 10−19m2∕W;

𝜏r,d = 0.1ps, 𝜏f,d = 3.5ps, 𝜏r,c = 0.2ps,

𝜏f,c = 0.1ps, 𝜏f,l = 0.4ps (10)

The laser pulses used in the simulation is modeled by a Gaussian
pulse centered at the pumpwavelength with P0 as the peak power
and t0 as pulse duration given by Equation (11).

[46]

A(T) =
√
P0 exp

(
−T2

2t20

)
(11)

SC generation in the two proposed fibers was studied with differ-
ent pulse parameters. For the fiber #F1, the SC generation in the
all-normal dispersion regime is pumped at 1.3 μm, with a pulse
duration of 90 fs, and the peak varying from 22 to 133 W. The
fiber #F1 has a pulse propagation length of 1 cm. The fiber #F2
was analyzedwith a ZDWof 1.607 μmwavelength, SC generation
at peak powers ranging from 7W to 300 kW, a propagation length
of 15 cm, a pump wavelength of 1.61 μm, and a pulse duration of
150 fs.
Figure 6 shows the temporal and spectral evolution of the pulse

over a propagation distance of 1 cm at various peak powers in the
fiber #F1. Since #F1 has a pump pulse that operates with an all-
normal dispersion, the SC generation process is dominated by
two main effects, namely SPM and OWB. Looking at Figure 6a,
we can see that the spectral width increases as the peak power
increases. For low peak power fibers of 22 and 44 W, SPMmakes
the greatest contribution to spectral broadening. This results in a
finitely conserved spectrum and a spectrum composed of many
peaks, with the peaks having the greatest intensity. When the
peak power is greater than 44 W, the SC spectrum is determined
by the SPM in the early stages of propagation and the resulting
spectrum is asymmetric for short wavelengths due to the effect
of nonlinear dispersion. Subsequently, the emergence of OWB
generated by four-wave mixing (FWM) was the dominant effect
in spectral broadening in these cases. The OWB begins to ap-
pear at 67 W peak power at 0.88 μm and helps the spectrum
broaden rapidly as the peak power continues to increase. OWB
appears at shorter wavelengths. At a peak power of 133 W, the
spectrum broadens from 0.726 to 1.649 μmwith a relative power
range of 5 dB. Figure 6b shows the temporal structure at different
positions of the propagation length with the spectrum growing
along the fiber #F1. In general, the higher the input peak power,
the faster the time delay between different frequencies and the
shorter the propagation. Considering both cases, these values in-
crease with increasing distance due to different group velocity
components.
For fiber #F2, SC generation was analyzed at a pump wave-

length of 1.61 μm, a pulse width of 150 fs, and a fiber propaga-
tion length of 15 cm. Fiber #F2 has a pump wavelength within
the anomalous dispersion regime, so soliton dynamics, for ex-
ample, SF, SSFS, play an important role in spectral broadening.
As the process propagates further, the solitons continue to shift
to longer wavelengths, resulting in a very large extension of the
received spectrum toward the red-light region.Moreover, the DW

Cryst. Res. Technol. 2023, 2300085 © 2023 Wiley-VCH GmbH2300085 (7 of 10)
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Figure 6. For fiber #F1: a) the output spectrum for various peak power pulses when using pump pulses with 1.3 μmpumpwavelength and 90 fs duration,
b) the temporal profile at various propagation lengths, and c) the pulse evolution of the SC along with fiber.

component is generated by four-wave mixing and propagates
without frequency shift.
Figure 7 shows the spectral broadening at different peak pow-

ers. At a peak power of 7W, the SPMplays amajor role in spectral
broadening, so the resulting spectrum is smaller in this case. Be-
yond a peak power of 7W, soliton fission begins to appear, broad-
ening the spectrum. As peak power increases, spectral width in-
creases. However, when the peak power is 300 W, the spectral
width is almost the same as when the peak power is 267 W. This
is explained by factors such as high dispersion slope in the short
wavelength range, low nonlinear coefficient and high loss in the
long wavelength range. When the peak power equals 300 W, the
spectral bandwidth expands from 0.805 to 3.970 μm with a dy-
namic range of 10 dB.

We find that the SCG performance of our project is more op-
timal than that shown in Table 1. Especially for the anomalous
dispersion region, the SC spectra obtained in our study have the
lowest peak power and the broadest compared to the studies in
Table 1. In the all-normal dispersion regime, our proposed fiber
can achieve the same bandwidth as the comparative claims but
uses much lower peak power. In particular, the fiber #F1 has an
extended spectrum from 0.726 to 1.649 μm with a peak power of
133 W, while the fiber in Ref. [31] has an extended spectrum from
0.64 to 1.7 μmbut uses 93 timesmore peak power than our work.
PCF with an all-normal dispersion regime in Ref. [20] used a peak
power of 55 000 W and is 413 times larger than our work, but
the obtained spectral band is approximately equal to that of our
fiber #F1. Moreover, the spectral range of our PCFs in all-normal

Cryst. Res. Technol. 2023, 2300085 © 2023 Wiley-VCH GmbH2300085 (8 of 10)
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Figure 7. For fiber #F2:a) the output spectrum for various peak power pulses when using pump pulses with 1.61 μm pump wavelength and 150 fs
duration, b) the temporal profile at various propagation lengths, and c) the pulse evolution of the SC along with the fiber.

dispersion is larger than that of the C7H8-filled PCFs in the previ-
ous study,[32,33] but the peak power used is lower. The all-normal
dispersion fiber in Ref. [34] has a structure with varying air hole
diameter, as in our work, we obtained a spectral band approxi-
mately equal to that of #F1 in this work, but using a peak power
three times larger. The above results demonstrate the high poten-
tial of the proposed PCF for coherent and broad SC generation
systems.

5. Conclusion

In this article, we have improved the dispersion and nonlinear
properties of C6H5NO2-infiltrated square-lattice PCFs by making
the size of the air holes in the innermost layer different from
the other air holes. The numerical analysis proposes two optimal
structures are proposed with flat and small dispersion, which are
highly suitable for SC generation. At the same time, the non-
linear properties of the optimal fiber including small effective

mode area, high nonlinear coefficient, and low attenuation, also
show their impact on SC spectral quality. The square lattice opti-
mized PCF (fiber #F1) with all-normal dispersion, a small value
of −10.764 ps nm−1 km−1 was obtained at a pump wavelength
of 1.3 μm. The flat dispersion and a small effective mode area
of 1.462 μm2 contribute to a wide spectral range from 0.726 to
1.649 μm with a low peak power of 133 W for ultra-short pulses
propagating in a 1 cm length fiber. On the other hand, the SC
spectrum with anomalous dispersion is much broader than that
of PCFs with all-normal dispersion. Fiber #F2 has a rather small
dispersion of 0.319 ps nm−1 km−1 a nonlinear coefficient of 441
W−1 km−1 and approximately zero attenuation in the wavelength
range investigated. A wide spectral range of 0.805 to 3.970 μm is
achieved with a peak power of 300 W and a duration of 150 fs
when #F2 is pumped at 1.61 μm, propagating in a 15 cm long
fiber. We expect the low-cost compact all-fiber SC system based
on the proposed fibers to be further expanded in future practical
applications.

Cryst. Res. Technol. 2023, 2300085 © 2023 Wiley-VCH GmbH2300085 (9 of 10)
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