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Flattened and broadband mid-infrared supercontinuum generation
in As,S; photonic crystal fibers with a square air-hole lattice
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Abstract: This paper analyzes smooth and broadband supercontinuum (SC) generation in the mid-infrared range using
square-lattice As,S;-based photonic crystal fiber (PCF). Simulation of short pulse transmission in optimal PCFs is per-
formed by solving the generalized nonlinear Schrodinger equation with different parameters of pump sources. The first
fiber has an anomalous dispersion curve that is flattest and closest to the zero dispersion of all reported fibers. It can
generate a broad SC bandwidth covering a 2-11.5 um range after injecting a pump pulse of 700 pJ energy of (5.83 kW
peak power), 120 fs of duration, and 6.5 pum wavelength into 10 cm of fiber length. For the input energy of 810 pJ (9 kW
peak power) and pump wavelength of 5 pm, SC spanning 1.9-8.6 um wavelength region is observed in the second PCF
with all-normal dispersion. The achieved SC could find many potential applications in material structure detection,
biomedicine, environment monitoring, and food quality control.
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1. Introduction

Since its first appearance until now, the supercontinuum
(SC) has demonstrated its wide range of applications in
diverse fields. In optical fibers, essentially, SC generation is
a process caused by the interaction of dispersion and many
nonlinear effects, i.e. stimulated Raman scattering (SRS),
optical wave breaking (OWB), self-phase modulation
(SPM), four-wave mixing (FWM), and self-steepening
(SS). The importance of mid-infrared (IR) SC generation
has been significantly enhanced based on its recent com-
mercial and scientific success. Spectral quality, that is
flatness and width, is a necessary condition to increase its
application in the fields of biomedicine, food quality con-
trol, and environmental monitoring [1-5]. Silica-based
fibers with high absorption in the mid-IR range result in SC
not being obtained in this zone [6]. Superior to traditional
optical fibers, photonic crystal fibers (PCFs) are considered
an ideal nonlinear medium that meets essential require-
ments not only for sensing and multimode support [7, 8]
but also for SC generation such as variable dispersion and
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high nonlinearity [9-12]. It should be noted that the
properties of the pump source used also determine the
feasibility of the SC generation process. While spectral
flatness is a disadvantage when SC is generated in an
anomalous dispersion regime, the opposite trend is
achieved in a normal dispersion one. The trade-off is that
the bandwidth of the former is much wider than that of the
latter. Therefore, with the desire to achieve a coherent and
flat SC spectrum, PCFs with flat all-normal dispersion are
often preferred which usually ensure uniformity of the
pulse (i.e., uniform temporal profile and spectral power
density). Whereas, soliton-related effects strongly domi-
nate the spectral broadening in the case of anomalous
dispersion [13, 14].

With the ability to expand the spectrum to the mid-IR
region, non-silica compounds such as chalcogenide glasses
have attracted the attention of the current scientific com-
munity. Most glasses in this group possess a broad trans-
mission window and a high nonlinear refractive index [15].
On that basis, several As,Ses-based PCFs [16] have been
designed to enhance the flatness and broadness of mid-IR
obtained SCs over 1.85-5.7 um and 2-10 pym in a 2.5 cm
and 5 cm length. Xiao et al. [17] achieved a broadband
highly coherent SC of 5973-8695 nm with 6 kW of input
power when using  Gej;sAsysSeqss  hexagonal
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microstructured fibers. Lanh et al. [18] analyzed the SC
spectrum generated in 4000 nm, 3500 nm, and 3000 nm
As;gSeqr PCFs with a hexagonal lattice. The above results
are very encouraging, however, the geometric structures of
PCFs can be further changed for wide and flat spectra.
Many previous studies show that hexagonal-shaped PCFs
are good candidates for near-zero flat dispersion configu-
rations but are not SC flatness enhancers [19-21].

We investigate a highly nonlinear As,S;-based PCF
with a square lattice in this study to obtain flat and
broadband SC spectra in short fiber samples. To the best of
our knowledge, square PCF is capable of compensating
dispersion, enhancing nonlinearity and birefringence, and
reducing fiber loss as well [13]. On the other hand, a high
nonlinear optical coefficient, low linear and nonlinear loss
(two-photon absorption), and a fast response time
(T <1 ps) have made As,S3; a material of great interest
[22]. In this context, As—Se-based materials such as As,Se;
can become competitive materials due to their high non-
linear refractive index of 2.4 x 107'7 m*W, a high
refractive index of 2.83 at 1.55 um and the coefficient low
two-photon absorption. Up to now, As,Se; has been con-
sidered an effective nonlinear medium with high birefrin-
gence and nonlinearity to study SC generation in near-IR
and mid-IR regions [23]. To further expand the applica-
tions of the proposed PCFs, e.g. in all-optical SC switch-
ing, non- or less Se composition like As,S; becomes more
suitable since maintaining a lower value of 7. Another
advantage of As,S; glass is its high stability against crys-
tallization and flexibility during casting and drawing [24].
Additionally, the core of the proposed PCFs is expanded by
controlling the hole pitch and the air-filling factor. This
facilitates the coupling process between such fibers and
standard ones in practice. The short pulse transmission in
the suggested PCFs is then numerically simulated under
various parameters.

Fig. 1 Solid-core structure of
PCF with square lattice: (a) Ref.

2. Theory and modeling

Figure 1(b) depicts the geometrical structure of PCF pro-
posed in our numerical study which can be fabricated using
the stack-and-draw technique in the experimental case [25].
The background material is As,S; with a wide transmission
window in the mid-IR range [26] and a nonlinear refractive
index two orders larger than silica at a wavelength of
1.55 pm [27]. The cladding air holes are placed in a square
matrix with a hole pitch of A and a diameter of d. The
Sellmeier equation [Eq. (1)] is employed to compute the
As,S; refractive index for which the coefficients are indi-
cated in Table 1 [24]. Recently, a square PCF with an
As,S; substrate has been investigated with the change of
structural parameters [28]. PCF is designed with eight
lattice rings to minimize confinement loss, Figure 1(a).
However, this comes with the disadvantage of making it
difficult to fabricate the optical fiber because the size of the
air holes and their spacing need to be controlled precisely.
The more rings there are, the more difficult it is to maintain
the required precision [25]. Therefore, in this work, a PCF
with seven-hole rings is designed after removing the
innermost ring. This means that the core dimension is
increased by the formulation D. = 44 — d. PCFs with a
large core diameter, in fact, can offer SC spectra with high
power density in practical applications [18]. One reason for
this is that the large core size reduces the confinement loss
and increases the effective mode area of the PCF, which
enhances the nonlinear effect and broadens the SC spec-
trum. For example, Hossain et al. [29] reported that a PCF
with a core diameter of 1.505 pum achieved an SC spectral
bandwidth of 830-2360 nm with 10 pJ of input energy.
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The preliminary simulation of the optical properties of
the fundamental mode including chromatic dispersion,
loss, effective mode area, and effective mode area is
worked out using copyrighted software Lumerical Mode

[21], (b) in this study
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Table 1 Sellmeier coefficients of As,S3

Material Ay A, As As 2 3 3

As,S;3 1 1.8983 19222 0.8765 0.2225 0.0625 0.1225

Solutions based on the finite difference eigenmode method
[30]. The cross-section of PCF is divided into small
rectangular sections called Yee’s mesh according to the
size of the fiber to increase accuracy in propagation
constant calculations. Perfectly matched layer boundary
region is assumed as boundary conditions that allow
absorbing waves traveling outside the model domain [31].

For SC generation, the chromatic dispersion (D)
involving the material dispersion (D,,) and the waveguide
dispersion (Dy,) is a vital characteristic. The D,, is deter-
mined by Eq. (2), where n is the refractive index of As,S;
as shown in [24]. Meanwhile, Eq. (3) can be applied to
calculate the other [32]:

- ;L, dz(n)
l)m _'_'E diz (2)
2
D, = _&d [Re(geﬁ)] (3)
¢ di

where n.¢ represents the effective refractive index.

The fiber structure and substrate material are factors
closely associated with the nonlinearity coefficient, an
optical property equally important for SC generation. This
can be explained through its definition [33]:

o 271n;
' Ay

(4)

where n, is the nonlinear refractive index of the material.
For the As,S3-based PCF, n, is about 4.2 x 107 cm?/W
at 1.3 pm and remains almost unchanged over a wide range
of wavelengths [24]. The greater the nonlinear refractive
index, the higher the nonlinearity. As a result, to further
improve the nonlinearity of PCF, materials possessing high
n, are required. Moreover, A.¢r, means the effective mode
region can be easily adjusted through the fiber parameters.
By the use of the full-vectorial finite element method, the
chromatic dispersion and nonlinear features in PCFs are
accurately simulated.

It is possible to investigate SC generation in PCF
through the calculation of Eq. (5), the so-called generalized
nonlinear Schrédinger equation (GNLSE) [34]:
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In Eq. (5), the coefficients o and f3, are the total
attenuation and the n-th derivative of the propagation
constant f§, correspondingly. In fact, the evolution of the
short pulse is ruled by f5, regarding the extension of the
Taylor series of the propagation constant 5. The pulse
envelope A with a fiber length of z and a time variable of 7.
The input pulse selected here is the unchirped hyperbolic
secant pulse, where f, represents the duration and is
determined by the ratio between full width at half
maximum (FWHM) and 1.7627. Py is the peak power [35].

A(0,1) = V/Pysech (;) (6)

An equally important parameter on the right side of
Eq. (5) is R(7). This is the combined function of the
nonlinear and Raman response given by [36]:

R() = 6()(1 —fR) + 1= i +2‘c§ exp <_t/) sin <_t/>

1T, T2 T1

(7)

In Eq. (7), the Raman response contribution is described
by fk; 71 and 7, are two adjustable parameters. According
to the publication [24], the values of the above three factors
are 0.2 of fz, 15.5 fs of 74, and 230.5 fs of 1, as for As,Ss.
These numbers demonstrated a well-suited between the
modeling and the actual Raman spectra in As,S; PCFs.

The split-step Fourier method (SSFM) is by far the most
widely used to solve GNLSE [34]. In the case of SSFM, the
linear and nonlinear terms acting simultaneously during
pulse propagation along the fiber are independently inte-
grated. The results are then combined to gain the final
solution. Suppose that the total path of the pulse propa-
gation in the fiber is divided into very short sections with a
length of . The simplest split-step scheme consists of first
dividing the initial pulse with Fourier transform A(z, ®)
into short segments of length /1 affected by dispersion,
followed by the same step size only influenced by non-
linear effects (or vice-versa):

e+ = oo (32)] | [ esn (4t
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where A(z + h, t) is a result of the process of half a linear
step, a full nonlinear step, and then the last half linear step.
A fourth-order Runge—Kutta method is employed for NAn
numerical integration, which requires four evaluations of
N [37]. The Fourier transform operation is worked out
using a fast Fourier transform (FFT) algorithm [38]. It is
possible to reach A in the time domain with two FFTs for
step h, i.e. one FFT and one inverse FFT, in the case of
neglecting self-steepening and the delayed Raman
response. This can result in approximately 6.5 times faster
computation compared to the scheme involving fourth-
order Runge—Kutta numerical integration.

3. Results and discussions
3.1. SC generation in anomalous dispersion regime

Optimization of the structural parameters of the As,Ss3-
based PCFs such as hole pitch A and air-filling ratio d/A is
necessary to achieve near-zero flattened dispersion in a
wide wavelength range. The impact on the dispersion of A
and d/A is illustrated in Figures 2(a) and 2(b). The hole
pitch is changed from 2 to 3 corresponding with 0.3-0.7 of
the filling ratio change. The results from Figure 2 show that
the dispersion curve is assigned in both normal and
anomalous dispersion ranges in the small core PCFs
(A =2 um). Here, we obtain a fiber structure (d/A = 0.3)
whose dispersion curve lies entirely in the normal disper-
sion region with D < — 10 ps/nm/km in the 3.5-6.5 um
wavelength range. This curve tends to move above the zero
dispersion line to possess two ZDWs when A increases to
3 pm. Meanwhile, the anomalous dispersion regime is still
maintained for the remaining structures despite the change
in hole pitch. On the other hand, increasing d/A leads to an

improvement in the flatness of the D curves in the wave-
length range larger than 4 um. This means that the fiber
with d/A = 0.7 has the flattest dispersion profile even
though it is farthest away from the zero dispersion in this
area. It can be predicted that while the dispersion profile
depends on A, the dispersion smoothness and flat disper-
sion range are mainly determined by d/A. That is the rea-
son why PCFs with optimal dispersion can be obtained by
controlling these two parameters.

Our goal is to design SC sources with a broad and
smooth spectrum, and thus fiber structures with near-zero
flat dispersion curves and ZDW compatible with the pump
wavelength are required [36]. As mentioned earlier, fibers
with anomalous dispersion often have superior spectral
broadening with the help of soliton dynamics. Meanwhile,
a smooth and coherent SC bandwidth is expected when
pumping in the normal dispersion region of PCF. There-
fore, the optimal parameter sets that satisfy the above cri-
teria are chosen after a series of simulations. The first fiber
with anomalous dispersion Fi: A =3 pm, d/i4=0.3,
D, =11.1 pm expected to be pumped at 6.5 um. Two
ZDWs of F; are 4.54 pm and 8.87 pm, respectively. With
the optimized geometrical parameters, chromatic disper-
sion D, confinement loss o, nonlinear coefficient ), and
effective mode area A ¢ of F; at pump wavelengths are
depicted in Figure 3(a). The value of the nonlinear coef-
ficient is greater than 50 W' km™' in the flat dispersion
range generating a wide SC generation. Experimental
results show that the material loss of As,S5 is 0.4 dB/m in
the 1-2.5 pm wavelength range [39]. When the wavelength
is greater than 2.25 um, confinement loss tends to exceed
this value resulting in it being considered a propagation
loss. In addition, the high transparency and high n, of
AsyS3 [24, 40] allow the generation of SC in an optical
fiber of a few centimeters long without considering

N=3 um
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Fig. 2 Dispersion characteristics of the As,S3;-based PCFs for d/4 = 0.3-0.7 and the hole pitch of 2 and 3 um
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Fig. 3 For F;: (a) Linear and nonlinear characteristics. (b) The output spectrum of the SC for various input energy. (c) The SC evolution along
the fiber length and (d) the corresponding time domain representation of the pulse propagation with various input energy levels

material loss. The confinement loss coefficient of F; fiber is
45 x 10*dB/m at 6.5 pm, much smaller than the
0.0117 dB/m of fiber in [41] pumped at 3.25 pm. Alter-
natively, ~ 27 dB/m confinement loss at 7 pym was
achieved Ge;pAsy;Seeg-based PCF [42], which is higher
than that of F, fiber.

Figure 3(b) shows the output spectrum of F; fiber with
the following pump pulse parameters: energy of 100-700
pJ, fiber length of 10 cm, and pulse width of 120 fs. The
noise profile of the SC in the anomalous regime of dis-
persion is indisputable because soliton dynamics can be
extremely sensitive to the slightest fluctuations (including
quantum noise) in the input pulses [43]. The SC spectrum
covering the wavelength range 2-11.5 pm with a FWHM
of 8.6 um achieved at the greatest energy of 700 pJ. Fig-
ure 3(c) and Figure 3(d) show the evolution of the SC

spectrum in the anomalous dispersion regime along the
length of F; fiber and the corresponding time domain
representation of the pulse propagation with various input
energy levels. The impact of nonlinear effects and disper-
sion on the pulses depends on the difference in the fiber
length compared to the dispersion length (Lp) as well as the
nonlinear length (Lyp) [44]. Nonlinear effects control the
degree of spectral broadening at the initial time of pulse
propagation along the fiber. There is a surge in the domi-
nant role of dispersion in further propagation. Indeed, at the
second-order  dispersion  coefficient f, = — 0.11885
ps?m™', Ly = 1/yPy = 0.38 cm is shown to be much
smaller than Lp = t(% /B> = 12 cm. In fact, solitons cannot
exist if too low input pulse energies are used. This explains
the symmetric profile and narrow bandwidth of the
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Fig. 4 For F,: (a) Linear and nonlinear characteristics. (b) The output spectrum of the SC for various input energy. (c) The SC evolution along
the fiber length and (d) the corresponding time domain representation of the pulse propagation with various input energy levels

spectrum at 100 pJ, where the influence of SPM is favored.
However, this state does not last long as input energy
increases. Soliton fission begins at an input pulse energy of
200 pJ. Dispersive wave dynamics are responsible for
generating new wavelength bands in the normal dispersion
regime. However, the steep slope of dispersion in this
region and the large effective mode area on the red
wavelength side halt the increasing trend of the SC band-
width at a large enough energy such as 600 pJ. The spec-
trum due to SPM is also affected by dispersion during
further propagation, and the short wavelengths at the
trailing edge travel slower than spectral components of the
input pulse tail. The overlap between the pulse tail and

trailing edge suddenly generates new wavelengths by the
degenerated FWM process, which are attributed to OWB
[45]. Once the solitons move further, the impact of the
Raman soliton self-frequency shift [46] is taken into
account leading to their shift towards longer wavelengths.
FWM gives rise to a dispersive wave effect that propagates
ignoring the frequency shift. After a propagation length of
2 cm, the spectral bandwidth remains fairly constant
because of the steep integrated dispersion curve on both
sides. Additionally, the larger time delay between different
frequencies is observed in a longer propagation.
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Table 2 Comparison of SC bandwidth in our work with previous publications

Chalcogenide glass ~ References Py (kW)  Pump wavelength (um)  SC spectral range (um)  Spectral width (um)  Regime

As>S3, F; This work 5.83 6.5 2-11.5 8.6 Anomalous
As,ySes [36] 7.5 3.5 2-10 8 Anomalous
AszoSeg; [51] 15 2.45 1.4-4.2 2.8 Anomalous
As»S3 [52] 380 4.2 1.7-4.8 3.1 Anomalous
As,Se; [53] 2890 9.8 2-5.1 3.1 Anomalous
Ge5GazSb,S7¢ [54] 40,000 2.3 0.95-3.35 2.4 Anomalous
As>S3 [48] 200 3 1.6-4.8 3.2 Anomalous
As»S3, F, This work 9 5 1.9-8.6 6.4 All-normal
As,Ss [55] 10.12 2.6 1.6-3.7 2.1 All-normal
Ge-As-Se [56] 16.5 4 3-6 3 All-normal

3.2. SC generation in normal dispersion regime

The influence of pump parameters on an all-normal dis-
persion SC generation in F, is investigated in Figure 4. The
design parameters of this PCF, in turn, are as follows:
A=2pm, d/4=03, D.=74 um. In this case, the
broadest SC spectrum can be obtained by using a pump
wavelength near the one at the local maximum point of the
dispersion curve. With the geometrical parameters are
optimized, the highest value of the dispersion curve is
around -0.08 ps/nm/km at the wavelength of 4.82 um. The
measurements of bulk material loss of As,S; chalcogenide
in publication [47] show the peaks in the material loss
curve of As,S; at wavelengths of 2.8 um, 2.92 pm, and
4.05 pm because of the absorption bands of impurities of
H,0, OH, and SH, respectively. Furthermore, Si et al. [48]
reported that a strong absorption measured by the cut-off
method using a Fourier transform infrared spectropho-
tometer peak occurs at 4.5 pum in As,S; PCFs. In contrast,
the loss at 5 um is quite low, equivalent to where the loss
reaches its lowest value, 3.8 um. For those reasons, F, fiber
is pumped by a femtosecond laser with a pump duration of
90 fs and a pump wavelength of 5 um to limit as much
attenuation as possible which could negatively affect the
spectrum broadening. The D, A, 7, and o configurations
are similar to the F; fiber. Their values are — 0.5 ps/nm/
km, 39.74 um?, 132.74 W' km™!, 5.95 x 10~ dB/m.
The SC generation in all-normal dispersion fiber is
analyzed with 90 fs duration and different input pulse
energies. The F, length is assumed to be 10 cm, the same
as F,. Figure 4(b)-4(d) clearly show that F, fiber requires
higher energy of input laser pulses than SC generation
pumped into anomalous dispersion wavelengths of F;. The
spectral bandwidth of F, is also narrower than that of F;.
The smooth and flat SC profile, however, is the first good

impression noticed in SC generation in an all-normal dis-
persion regime. If soliton dynamics disrupt the integrity of
the pump pulse in Fy, this is eliminated in fiber F,. SPM is
considered to be dominant in the spectral broadening
mechanism after the side lobe of the spectrum is formed.
Next, OWB gradually appears at the trailing edge due to
the impact of SS causing a loss of symmetry on the blue-
shift wavelength side of SC [49]. As a result, new wave-
lengths are not created despite further propagation because
it requires the pulse tail to overlap with the SPM-induced
components. On the other side, OWB also exerts its
influence with a narrow spectral range because of limited
phase-matching conditions as well as reduced nonlinearity
[50]. After completing 10 cm of propagation, the all-nor-
mal dispersion SC generation in the F, fiber has a spectral
bandwidth of 1.9-8.6 um within 10 dB. On the other hand,
the time delay between different frequencies having dif-
ferent velocities tends to be larger when increasing the
propagation distance.

Comparison between SC generation properties using
chalcogenide PCFs demonstrates outstanding pros of the
proposed PCFs in terms of spectral width and cost reduc-
tion. Detailed data are shown in Table 2. For instance,
PCFs with Ge—As—Se glasses require up to 16.5 kW to
expand the spectrum from 3 to 6 pm [56]. Meanwhile, F,
fiber can drop the power by nearly half, that is, 9 kW to
obtain the SC range of 1.9-8.6 um. Recently, the publi-
cation [36] also achieves spectral width equivalent to F,
fiber but must use a larger peak power. Even in this regime,
a Ge;sGasSb,S;y PCF with a spectral range of
0.95-3.35 um with a power of up to 40,000 kW is
observed [54]. We consider here peak power instead of
pump energy to demonstrate the potential of the proposed
fibers in all-fiber SC systems.
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4. Conclusion

Introducing a large core region in an As,S3-based PCF with
a square lattice and selecting appropriate sets of parameters
can achieve near-zero flattened dispersion profiles in the
mid-IR range. Numerical simulations of the SC generation
in the proposed PCF are then performed considering how
the flatness and bandwidth of the spectrum are affected by
the pumping parameters. As a result, a smooth SC with a
bandwidth of 2-11.5 pm using a femtosecond laser with
6.5 um wavelength, 120 duration to inject into 10 cm-
length F;. Such SC is suitable for low-noise amplifiers in
the mid-IR range such as Praseodymium doped fiber
amplifiers [57]. Meanwhile, two-octave SC generation, that
is 1.9-8.6 um, is generated in F, fiber when the pump
wavelength used is 5 um. To the best of our knowledge,
this is a much wider SC than previous publications
[36, 48, 51-54] which have a high potential for selective
and rapid detection of nerve agent simulants [58]. Addi-
tionally, the advantage of the large core diameter also
increases the coupling efficiency between these fibers and
standard fibers if considering compact all-fiber SC gener-
ation systems [36].
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