
Article

Observation of ultrashort laser pulse evolution in silicon
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Abstract: Based on the sensitive sum frequency generation cross-correlation frequency-resolved
optical gating (SFG-XFROG) measurement setup, besides the pulse broadening, blue shift, red shift
and obvious pulse acceleration, we observed the soliton evolution when the low energy soliton pulse
with wavelength of 1555nm transmit through the Si photonic crystal waveguide. The measurements
were nicely matched with the simulation results, which are achieved with an optimized nonlinear
Schrödinger equation (NLSE) modeling. The effects of various parameters of the silicon photonic
crystal waveguides and the incident pulses on the pulse transmission were also analyzed, including
the nonlinear effects and dispersion such as the self-phase modulation (SPM), self-steepening (SS)
and intra-pulse Raman scattering(IRS). The results help us understand further the ultra-fast nonlinear
dynamics of soliton in silicon-based waveguides, and even open a novel way for soliton-based
functional elements in CMOS-compatible platforms.
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1. Introduction

With the capability to tightly confine optical modes [1], the compatibility with mature
CMOS technologies [2], and the extremely large nonlinearities enhanced by slow-light
effects, the Si photonic crystal waveguides (PhCWs) have been attracting more and more
intention. Four-wave-mixing, temporal soliton, optical filter, all-optical modulation, all-
optical switching, ultralow-power all-optical signal processing and all-optical wavelength
conversion have been demonstrated in Si PhCWs [1,3]. Basically, pulses propagation is
affected by the nonlinear properties and the inherent dispersion of the Si PhCWs, and
they can make the pulses propagation exhibit optical solitons effects at the anomalous
dispersion region [4], which will be important carriers for Numerous applications of optical
information processing [5–8]. Recently, the nonlinear effects such as the group velocity
dispersion (GVD), the self-phase modulation (SPM), two photon absorption (TPA), cross
phase modulation (XPM) and so on have been widely studied [9–13]. As the solitons are
the nonlinear waves that exhibit invariant or recurrent behavior as they propagate through
some materials [14,15] by precise control of dispersion and nonlinear effects to govern
solitons propagation can implement wide applications [16,17].

Actually, the FROG and SFG-XFROG are efficient tools for check ultra-short laser
pulses [18–20]. However, up to now, though we had checked the soliton behavior in the Si
nanowire and PhCWs [21–26], it’s still unclear about all details of the soliton propagation,
especially when and how the low energy soliton will be compressed and split in the Si
PhCWs which usually are considered to be suitable for managing the solitons than the Si
nanowire [27].

Herein, based on a sensitive SFG-XFROG ultra-short laser pulse measurement setup,
we observed that the pulses blue shift, red shift and pulse shaping in Si PhCWs with
ultralow input pulse energy. Furthermore, the experimental results are nicely agreed with
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the optimized nonlinear Schrödinger equation (NLSE) modeling simulation results. We
simulate the nonlinear effect and the dispersion effect on the propagation in the Si PhCWs.
The research results will provide valuable information for the design of waveguides [28] for
various on-chip photonic circuits, which is necessary for the ultra-broadband high-speed
optical communications and optical signal processing.

2. Measurement setup and observations of pulse transmission

The experimental measurement setup with SFG-XFROG for Si PhCWs chip measure-
ments are shown in Fig. 1.

Figure 1. Experimental measurement setup with SFG-XFROG and the Si PhCWs detail. RF: Reflector,
BS: Beam splitter, FL: Focusing lens, CL: Bi-convex lens, BBO: Barium borate crystal.

The SFG-XFROG measurement setup provides sensitive and accurate measurement of
the temporal domains and spectral domains of the optical pulses output from the silicon
photonic crystal waveguides. In the setup, a BBO crystal (1mm thickness, provided by
CASTECH INC. CHINA) and a Horiba JY FHR1000 spectrometer with a SYMPHONY II
UVCCD-1024x256-BIDD detector work well, which enable the minimum detected pulse
energy be down to about 500 attojoule (aJ), the spectral resolution be better than 0.1nm, and
the time resolution short to less than 1 femtosecond (fs). Anyway, the measurement setup
ensures the ultrashort pulse profiles including complex time and frequency properties be
measured nicely, which help us to capture the soliton dynamics.

The Si PhCWs are laid out on a SOI chip (structure details are shown in Fig. 1, with
250nm top Si layer, 3 um buried silica and 500 um Si substrate. The ultrashort pulses
are input to the Si PhCWs in TE polarization, which is 1.3 mm long, with a=431 nm, and
r=129nm. For the Si PhCWs in the experiment, the group velocity dispersion (GVD) β2 is
-1800 ps2/m and the third order dispersion (TOD) β3 is 0.6 ps3/m in the wavelength of
1555nm [26].
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Figure 2. The output SFG-XFROG measurements, (a) is the normalized intensity profiles in temporal
domain; (b) is the normalized intensity profiles in spectral domain.

The pulse duration of the input laser pulse provided by a fiber laser is FWHM=2.25 ps,
which is measured at central wavelength 1555 nm. The pulse energy will be changed for the
measurements, and the corresponding output pulse profiles measured by the SFG-XFROG
are shown in Fig.2, in which the normalized pulse intensities in temporal domain and
spectral domain are laid out.

The experimental results shows that the output pulse has been broadened in Fig.2(a),
and the broadening of the output pulse FWHM becomes weaken from 3.91ps to 2.21ps
with the increasing of the input energy. And the broadening factor is from 1.74 to 0.98 with
the energy increased to 22.0pJ. Then the output pulse have a 1.8 compression factor with
the increased of pulse energy from 59.5fJ to 22.0pJ. The FWHM is effected by the energy of
the input pulse. The output pulse appeared obvious pulse acceleration. And the largest
pulse acceleration was 2.17ps with 22.0pJ input energy. And the out pulse was still smooth
and wasn’t destroyed in the experiment.

The Fig.2(b) shows the normalized intensity profiles in spectral domain. The frequency
domain centroid showed red shift with the low input pulse energy and blue shift with
the high input pulse energy in Fig.2(b). The largest red shift was 0.41nm on the output
pulse centroid 1555.41nm with 59.5fJ input energy. And the largest blue shift was 0.68nm
on the output pulse centroid 1554.32nm with 22.0pJ input energy. The blue shift is caused
by the free carriers dispersion (FCD) in Si PhCWs [26]. With the increasing of the input
pulse energy the free carries increased, and the FCD increased. Then the blue shift become
obviously.

3. Optimized NLSE modeling simulations and discussions

In order to try out the major factors for the broadening and shift as shown in Fig.2, we
perform the optimized nonlinear Schrödinger equation (NLSE) modeling simulations [26].
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The Kerrr coefficient is 1.02 103 (1/W/m), the effective TPA coefficients is 13.4 10−12 m/W
for 1555nm, kc.e f f = −13.3 1027 m3 and σe f f =4.6 10−21 m2 are the effective parameter [26].
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Fig.3 shows the experimental and the optimized NLSE simulation results for 1555nm
with 0.134pJ and 22.0pJ input pulse energy. In the simulations, the input pulse profiles mea-
sured by SFG-XFROG are input as the intensity and phase of the initial pulse. Obviously,
the experimental results are remarkably matched with the NLSE simulation results nicely,
which indicates that the optimized NLSE modeling and the parameters are suitable for the
Si PhCWs. Anyway, the matching of the NLSE simulation results and the measurements
ensure that, the NLSE modeling simulation can properly predict pulse dynamics in the Si
PhCWs, which will be helpful for demonstrating the pulse dynamics beyond experiments
here.

Figure 3. The experimental and the optimized NLSE simulation results for various pulse energies,
(a) and (c) temporal profiles , (b) and (d) spectral profiles of the pulse, (a) and (b) with 0.134pJ input
pulse energy, (c) and (d) with 22.0pJ input pulse energy. The blue solid line are experimental results,
and the red solid line are optimized NLSE simulation results.

The propagation of optical pulses can be modeled by NLSE in which the Si PhCWs
is functioned far from the band edge of the waveguide. This section may be divided by
subheadings. It should provide a concise and precise description of the experimental
results, their interpretation as well as the experimental conclusions that can be drawn.

Figure 4. The output pulse FWHM simulated by the NLSE simulation with different waveguide
position in 1555nm with 22.0pJ input pulse energy.
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The simulation input pulse was the experiment input pulse above with 22.0pJ with
center wavelength 1555nm in the PhCWs. Set the different gradual change Si PhCW length
to simulate the output pulse, the same as the pulse propagation outline in the Si PhCW
at different position. Fig.4 shows the FWHM of the pulse propagating through the Si
PhCW. Fig.4 shows that the pulse FWHM was transformed periodic in the propagation.
When the FWHM is gradually compressed to the narrowest, sudden broadening occurs in
the transmission. Because of the large pulse loss in the transmission process, the relative
width of the pulse width increases in the longer position of the waveguide. The the pulse
transmission emerged the soliton with the balance between the nonlinear effects and the
dispersion in the Si PhCW.

Figure 5. The compression factor (Qc) and the narrowest pulse compression position with different
input pulse energy (Ep) in 1550nm with 2.4ps in the Si PhCWs simulated by NLSE.

Fig.5 simulated the input pulse with 1550nm transmit in the Si PhCW above. The
simulation considered as SPM only, SPM and SS, SPM and IRS, SPM and SS and IRS.
Fig.5(a) shows that the input pulse energy effect the pulse compression and the self-
steepening have no effect on the pulse compression, and the intrapulse Raman scattering
effect the pulse compression obviously by simulation. Fig.5(b) shows that position of
the narrowest compression in the Si PhCW at different input pulse energy and different
nonlinear condition. The self-steepening and the intrapulse Raman scattering have no
effect on the narrowest compress position. It effected by the input energy and the position
have a platform. And the narrowest compress position shows as step-form change. The Si
PhCW can be designed at the platform for compress a certain range energy of the pulse.

4. Conclusions

In summary, according to the sensitive SFG-XFROG measurements, we observed that
the ultrashort laser pulse have broadened with broaden factor 1.74, blue shift, red shift
and obvious pulse acceleration when the temporal soliton transmit through the Si PhCW
at center wavelength of 1555nm. The optimized NLSE simulation results matched the
measurements nicely. The results shows that FWHM of pulse present sudden change at
the narrowest to the nest period. And the simulation results shows that periodic solitons
are produced in the process of pulse transmission at center wavelength of 1555nm. The
input pulse energy affects the pulse compression, while the self-steepening has no effect
on the pulse compression. According to the simulation, obviously the intra-pulse Raman
scattering affects the pulse compression, while the self-steepening and the intra-pulse
Raman scattering have no effect on the narrowest compress position. Through the study
we can optimize the Si PhCWs for pulse shaping. This analysis results help us understand
further how the ultra-fast pulses propagate in silicon-based waveguides, and even open
the way for soliton-based functional elements in CMOS-compatible platforms..
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