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Abstract

In this paper, femtosecond optical pulses compression and supercontinuum generation in a
triangular silicon photonic crystal fiber at 2500 nm are investigated. A region of large mini-
mum anomalous group velocity dispersion, negligible higher order dispersions and unique
nonlinearity of silicon are used to demonstrate compression of 100 fs initial input optical
pulses to 2.5 fs and ultra-broadband supercontinuum generation with very low input pulse
energy over short distances of the fiber.
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1 Introduction

According to the appearance of the applications in several fields of the sciences, researches
and technologies, ultrashort optical pulses generation has been considered an interest-
ing topic among scientists. The accessibility of these ultrashort laser pulses has opened
numerous regions of applications in many applicable optical fields, such as spectroscopy,
nonlinear optics, Optical Coherent Tomography (OCT), precious optical measurement of
optical frequencies, material process and etc. (Ferreira 2011). Ultrashort femtosecond laser
pulses have been generated either from different optical laser sources such as Ti:sapphire
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oscillators (800 nm), Er:fiber laser (1550 nm), Nd:YAG lasers (1064 nm) (Ghanbari et al.
2017) and Cr*%:ZnSe laser (2500 nm) (Cizmeciyan et al. 2013) or by spectral extending of
the optic pulse and post compression using dispersion compensating fundaments (Mohebbi
2008).

Ultrashort optical pulses generation directly from laser sources require more com-
plex activity such as, cavity and dispersion compensating mirrors designs and also use of
enhanced optical pulses with energy in micro joule ranges (Ferreira 2011; Mohebbi 2008).
One of the most widely used techniques for the generation of ultrashort optical pulses
uses higher order solitons which are organized in a fiber. This compression method named
soliton-effect and has been used in many researches (Ferreira 2011).

Recently, photonic crystal fibers have been attracted the attention of many scientists
and researchers for their highly precious applications in lasers, nonlinear optics, dispersion
compensation, optical amplifiers, optical sensors and etc. (Ferreira 2011; Cizmeciyan et al.
2013; Mohebbi 2008; Saghaei 2015) and also several types of fabricating with variable
materials have been reported so far (Saghaei 2015; Ghanbari et al. 2017; Li and Yaman
2010; Leong et al. 2006; Bowmans et al. 2003). Because of the presence of air holes in
the various lattice structures of photonic crystal fibers, acquiring various optical properties
such as Large Mode Area (LMA), high nonlinearity, adjustable zero dispersion and etcet-
era become possible in comparison with conventional optical fibers (Ghanbari et al. 2017;
Li and Yaman 2010; Ghanbari 2012). Among the items mentioned above, the combina-
tion of boosted nonlinearity and engineered dispersion is the one which makes the soliton-
effects optical pulses compression and ultra-broadband supercontinuum generation possi-
ble in a broad regions of wavelengths from visible to infrared in different kinds of PCFs
(Saghaei 2015; Ghanbari et al. 2014, 2017; Ghanbari 2012). Photonic crystal fibers can be
made from different optical materials such as silica (Leong et al. 2006), fluoride magne-
sium (Ghanbari et al. 2017), chalcogenide glasses (Saghaei 2015) and also silicon (Li and
Yaman 2010). Today silicon is known as one of the most important and well known mate-
rials for fabrication of optoelectronic instruments (Mohebbi 2008; Li and Yaman 2010).
Recently, silicon photonic crystal fibers have been fabricated by a special method named
“magnesium thermic method” with the ability to maintain the Nano scales dimensions of
the related silicon fibers (Li and Yaman 2010). Based on our researches, silicon has larger
nonlinear refractive index than silica, chalcogenide glasses and also fluoride magnesium
(Saghaei 2015; Ghanbari et al. 2017; Bowmans et al. 2003). Finally, this valuable non-
linear refractive index results in obtaining higher nonlinear coefficient and subsequently
lower required input pulse energy for nonlinear applications such as optical compression or
supercontinuum generation.

In this paper, we focused on designing a novel structure of photonic crystal fiber con-
sisting of a silicon core surrounded by five rings of air holes embedded in a triangular
lattice in the cladding and we also used the soliton-effect method for compression of femto-
second optical pulses and ultra-broadband supercontinuum generation.

2 Dispersion of silicon photonic crystal fibers

Dispersion is one of the most important linear parameters that affects the short and ultra-
short pulses propagation which causes optical pulses broadening in the time domain
(Mohebbi 2008). By changing the structural parameters of photonic crystal fibers such as
wavelengths (1), hole pitch (A) and normalized air hole diameter (d/ A)» PCF’s dispersion
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can change. Also Shifting zero dispersion points in photonic crystal fibers are possible by
dependency of group velocity dispersion (GVD) to structural parameters of PCFs (Ferreira
2011; Saghaei 2015; Ghanbari et al. 2017).

As seen in Fig. 1, we considered a triangular lattice silicon PCF with five rings of air holes
in the cladding. In the center an air hole is deleted making a central high index defect acting
as the PCF core. In order to calculate propagation constant () for the proposed silicon PCF,
among all the accurate available techniques, we selected one of the well-known numerical
methods named Finite Difference Time Domain (FDTD) combined with the perfectly matched
layer (PML) as absorbing boundaries (Saghaei 2015; Ghanbari et al. 2017). The second and
higher order dispersions of the fiber can be calculated by taking the first, second and higher
orders derivative of the propagation constant with respect to angular frequency as following
equation respectively (Ferreira 2011; Mohebbi 2008). Where dependency of the silicon mate-
rial has been also applied into the calculations (Ghanbari 2012; Lin and Agrawal 2007),

ﬁnzaﬁn—l/aa) 1’1=2,3,4,... (1)

In Fig. 2, we have shown the GVD as a function of wavelength in the short wavelength
infrared (SWIR) and mid infrared (MIR) regions of the spectrum for the largest possible
value of normalized air hole size (d/ A = 0.8) and different values of pitches (A). As seen
in Fig. 2, there is a nearly flat and minimum region of negative second order dispersion
(GVD) which by changing the hole pitch (A) is shifted to higher wavelengths. So by choos-
ing the proper values of A = 0.7 pm and d/ A = 0.8, this negative and nearly flat region
of GVD can be centered at 2500 nm wavelength. The importance of nearly flat region in
supercontinuum generation and soliton-effect pulse compression contributes to achieving
negligible higher order dispersions.

When we consider the propagation of ultrashort optical pulses with femtosecond dura-
tions, the higher order dispersions (HODs) (such as third, fourth, fifth and etc.) will be of
great importance and must be included in the wave equation. In Fig. 3 we have shown the
third (TOD), fourth (FOD) and fifth order dispersions of the fiber as a function of wave-
length for d/ A=0.8and A = 0.7 um. This figure clearly shows that in the similar region
of wavelengths where there is a large minimum and nearly flat negative second order dis-
persion, the values of higher order dispersions in the novel designed silicon PCF will be

Fig. 1 Silicon PCF schematic
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Fig.2 GVD of silicon PCF as 2000
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5ig.3 Up to fifth order dispersions of silicon PCF as a function of wavelength for A = 0.7 pm and
/4 =038

negligible compared to the value of GVD, which are ideally needed for supercontinuum
generation and soliton-effect compression. But it is noteworthy that although these higher
order dispersions values are small at 2500 nm wavelength, they should be considered in the
wave equation. Another important linear parameter which can affect the propagated pulse
inside the fiber is fiber loss (L, = L. + L,,) (Saghaei 2015; Ghanbari et al. 2017). Total loss
of the fiber includes material loss and confinement loss respectively. Based on our research
and simulation results, the silicon PCF confinement Loss could be negligible compared to
the material loss of silicon according to presence of air holes in the cladding. So, for the
rest of the paper we considered the silicon material loss with the value of 8 db/m (Luther
et al. 2013) at the central wavelength of 2500 nm in the accounts.
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3 Soliton-effect compression in silicon photonic crystal fibers

In this kind of optical pulse compression mechanism, the waveguide, itself, acts as a com-
pressor. In fact, soliton-effect optical pulse compression occurs through the propagation
of higher order solitons in the anomalous GVD regions of the fiber and interact with self-
phase modulation (SPM). In this case by choosing the appropriate length of the fiber where
the pulse goes under periodic compressing, we can select the ultrashort output pulse.
Figure 4, shows the effective areas of silicon designed PCF for the structure parameters
of A =0.7 pm, d/A =0.8 and A = 0.95 pm, d/A = (.8 respectively. The Combination of
unique nonlinear refractive index of silicon (n2) with a small effective area, finally results
in higher nonlinear index (y « 1/ Ay « n,). Smaller effective area can be achieved by

designing photonic crystal fibers with smaller pitches (A). Also smaller effective area leads
to a shorter nonlinear length (L, ). Ultimately, all of the items above contribute to a con-
spicuous reduction in required energy for PCF’s nonlinear applications. As seen in Fig. 4,
the effective area for the proposed silicon PCF with the structure parameters of A = 0.7 pm
and d/ A = 0.8 s calculated to be 0.52 pm? at 2500 nm wavelength which is much smaller
than the effective area of proposed PCF with the structure parameters of A = 0.95 pm and
d/ 4 = 0.8 at 3500 nm wavelength which is calculated to be 1 pm?.

The Generalized Nonlinear Schrodinger Equation which describes the propagation of
optical pulses through fibers can be written in the following normalized form (Saghaei
2015; Ghanbari et al. 2014, 2017; Ghanbari 2012),
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where 7 = T/ T, is the normalized time, TO states the initial pulse width of optical pulses

Tpway = 1.76T), Ty, states full width at half maximum of the optical pulse, and
U(z,7) = Az, T)/ \/170 is the normalized pulse amplitude, PO is the peak power of input

pulse, a(m™") is linear loss coefficient,,, f;, B, fs are GVD, TOD, FOD and Fifth order
dispersions respectively. w,, is the central angular frequency, 1/ w,T, is responsible for self-

steepening, fp is Raman constant and is calculated 0.04 for silicon material (Ghanbari
2012; Luther et al. 2013; Lin and Agrawal 2007). hg(¢) is Raman Function and can be cal-
culated by definition of 7; = 10 fs and 7, = 3 ps for silicon material in the following for-
mula (Mohebbi 2008),

1'12 1'22 = P
hg(t) = sen sin(/z) 3)
T\ Ty
N2 is the order of soliton and defined as,
yP,T?
e 4)
|,
where, y states the nonlinear coefficient defined by Eq. (4),
_ oy
Iy ®

where n, <m2/w> is the nonlinear refractive index with the value of 3.3 x 10718 mz/w for

silicon at operational wavelength of 2500 nm (Mohebbi 2008; Yue et al. 2012), A off is the
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Fig.5 Output compressed pulse at the wavelength of 2500 nm and propagation distance of 0.5 mm. Input
pulse is also shown
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effective area of the PCF, ¢ shows the speed of light and finally & = %/ L, is the normalized

distance of the fiber, Where L, is the dispersion length defined by the following equation,

i
L,=—2 6
‘D |ﬂ2| ()

The longer Dispersion length is, the shorter compressed pulse goes. It means that by
choosing proper PCF fundamental parameters, we can make the second order dispersion
(f,) minimum at the wavelength of 2500 nm which leads to longer dispersion length (cor-
responds to a longer soliton period) compared to shorter wavelengths. In this manner, the
condition of L, >> L, is satisfied which finally results in shorter compressed pulse. Also
it is noteworthy that because of the lower magnitude of Raman response in silicon material
compared to magnitude of another nonlinear effects such as SPM and self-steepening, the
Raman Effect can be negligible, however, we have included it in the propagation equa-
tion. ayp, is responsible for two photon absorption which limits the nonlinear effects of
the silicon fibers. This important item appears for the wavelengths below 2300 nm in sili-
con material (Ghanbari 2012; Mohebi and Khormai 2011). So, by choosing the operational
wavelength above the mentioned wavelength, this effect will be eliminated.

The widely used Symmetrized Split-Step Fourier Method (S-SSFM) is applied to
simulate the Generalized Nonlinear Schrodinger Equation (GNLSE). We considered
A =0.7 pm and d/ A = 0.8 for a silicon photonic crystal fiber structure and used a 100 fs
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Fig.6 Simulated 2D plot of the spectra evolution at discrete locations along the silicon PCF with the input
power of 846 W
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input pulse at a pump wavelength of 2500 nm. The application of GVD, TOD, FOD and
fifth-order order dispersions, Self-Phase Modulation (SPM), linear loss, Self-Steepening
(SS) and Raman Effect in Generalized Nonlinear Schrodinger Equation (GNLSE) simula-
tion, yields the shortest compressed pulse of 2.5 fs which is shown in Fig. 5. This is due to
the motivation of a higher order soliton of order N=9.5 for a peak power of P, = 846 W,
and large nonlinear coefficient of y=16.0 (W™' m~!) in the propagation distance of
z = 0.5 mm. The spectra evolution of propagated optical pulse over 0.01 m of the proposed
silicon PCF is shown in Fig. 6. This figure clearly shows the ultra-broadband supercontin-
uum generation with the total bandwidth of 3600 nm in a way which covers near infrared
to mid infrared regions of the spectrum. This fact is equivalent to extending the wavelength
range from 1800 to 5400 nm. Wider supercontinuum spectra with the total bandwidth of
4100 nm can also be generated in the same distances of the PCF with an increase in input
power to 1350 W which is shown in Fig. 7. In this case, supercontinuum spectra have been
propagated with an increase of about 500 nm bandwidth compared to the previous one.

3.1 Comparison between proposed PCF characteristics with other works
In following part, widespread comparisons between our novel designed silicon PCF’s

structural characteristics and propagation characteristics with previous works are presented
in the forms of Tables 1 and 2.
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Fig.7 Simulated 2D plot of the spectra evolution at discrete locations along the silicon PCF with input
power of 1350 W
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Table 1 is allocated to our proposed PCF’s structure characteristics and Table 2 is allo-
cated to propagation characteristics of the designed fiber. Comparing the parameters clearly
indicate that, the silicon designed PCF in comparison with other designs shows more ideal
situation in nonlinear applications especially in supercontinuum generation and soliton-
effect optical pulses compression. Our designed PCF illustrates a large minimum negative
GVD and negligible higher order dispersions (HODs) values in addition to a unique non-
linear coefficient in comparison with other works. Consequently, these valuable features
result in enhancing the quality of output compressed pulses, ultra-broadband supercontin-
uum generation and also a drastic decrease in required energy for nonlinear applications.

4 Conclusion

In this paper, for the first time, we numerically investigated the soliton-effect compression
of femtosecond optical pulses and supercontinuum generation in a novel designed silicon
PCF in the near mid infrared (NIR) to mid infrared (MIR) regions of the spectrum. It was
shown that by fixing the fundamental parameters of the PCF, we can concentrate a large
negative minimum and nearly flat region of GVD at needed wavelengths and finally cal-
culate the negligible higher-order dispersions which are always desired for efficient ultra-
broadband supercontinuum generation and femtosecond optical pulses compression. We
illustrated that, by using a 100 fs input pulse with subnanojoule energy of 169 pJ (corre-
sponds to peak power of 846 W), a compressed pulse of 2.5 fs and ultra-broadband super-
continuum with the total bandwidth of 3600 nm can be generated for a silicon PCF with
considering,A = 0.7 pm and d/ A = 0.8 at the operational wavelength of 2500 nm and the
propagation distance of 0.5 mm. Also it was shown that, by increasing the strength of input
power to 1350 W, ultra-broadband supercontinuum with the total band width of 4100 nm
can be formed in the similar distances of the fiber.
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