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We demonstrate the evolution of picosecond pulses in silicon nanowire waveguides by sum frequency generation
cross-correlation frequency-resolved optical gating (SFG-XFROG) and nonlinear Schrödinger equation (NLSE)
modeling. Due to the unambiguous temporal direction and ultrahigh sensitivity of the SFG-XFROG, which enable
observation of the pulse accelerations, the captured pulses’ temporal and spectral characteristics showed remark-
able agreement with NLSE predictions. The temporal intensity redistribution of the pulses through the silicon nano-
wire waveguide for various input pulse energies is analyzed experimentally and numerically to demonstrate the
nonlinear contributions of self-phase modulation, two-photon absorption, and free carriers. It indicates that free
carrier absorption dominates the pulse acceleration. The model for pulse evolution during propagation through
arbitrary lengths of silicon nanowire waveguides is established by NLSE, in support of chip-scale optical intercon-
nects and signal processing. © 2013 Optical Society of America
OCIS codes: (320.7110) Ultrafast nonlinear optics; (320.7130) Ultrafast processes in condensed matter, including

semiconductors; (190.5530) Pulse propagation and temporal solitons.
http://dx.doi.org/10.1364/OL.38.004401

Silicon photonic nanowires (SPNWs) have been exten-
sively studied in recent years [1–3], with the capability to
tightly confine optical modes [4] and the compatibility
with mature CMOS technologies [5]. A variety of pho-
tonic technologies have been demonstrated in SPNW,
such as temporal soliton-effects compression [6–8], four-
wave-mixing [9,10], Raman amplification [11,12], optical
switching [13], all-optical modulation [1415], all-optical
wavelength conversion [16,17] and ultralow-power all-
optical signal processing [18]. Group velocity dispersion
(GVD) and various nonlinear effects affect the pulses’
evolution, including self-phase modulation (SPM), two-
photo absorption (TPA), free carrier absorption (FCA),
and free carrier dispersion (FCD), not only in the time
domain but also in the frequency domain [1].
Precise temporal and spectral measurements of the

ultrafast pulse propagation in the SPNWs are of necessity
to support its application, including recent phase-
resolved short pulse measurements on-chip [19]. Cross-
correlation frequency-resolved optical gating (XFROG)
has been demonstrated to characterize well the complex
time-frequency properties of ultrashort pulses while
propagating through the semiconductor quantum optical
waveguide [20] and fibers [21,22]. Here, we demonstrate
cross-correlation frequency-resolved optical gating to
investigate the pulse dynamics temporally and spectrally
in SPNWs. With the advantage of the unambiguous
temporal direction and delay, and high sensitivity com-
pared with recent measurements by frequency-resolved
optical gating (FROG), the sum frequency generation
(SFG)-XFROG setup enables us to observe the pulse

acceleration experimentally. Numerical simulations
based on nonlinear Schrödinger equation (NLSE) model-
ing with auxiliary carrier dynamics was performed to
elucidate the pulse dynamics in the semiconductor me-
dia, including GVD, SPM, TPA, FCA, and FCD, and their
coupled interactions on the pulse character, particularly
the pulse acceleration.

The scanning electron micrograph of the silicon nano-
wire and the schematic experimental setup are shown
in Fig. 1. The silicon nanowire waveguide is a single-
mode SPNW with cross section A0 � 450 nm × 250 nm,
length L � 4 mm, and a buried oxide thickness of 3 μm,
and covered by a 3 μm oxide layer. The oxide-cladded
inversed taper couplers were adopted to improve the
input–output coupling to less than 3 dB per facet.

Fig. 1. Single-mode SPNW and experimental setup. (a) Scan-
ning electron micrograph of the SPNW and (b) experimental
setup with SFG-XFROG. MLL, mode-locked fiber laser; HWP,
half-wave plate; C, optical collimator; BS, beam splitter; P,
polarizer; FL, focus lens; FM, flip mirror; OSA, optical spectrum
analyzer; RF, reflector; DM, D-shaped mirror; LMS, linear mo-
torized stage; CL, bi-convex lens; BBO, barium borate crystal;
SM, spectrometer with CCD.
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The experimental setup with SFG-XFROG is shown in
Fig. 1(b), in which a high-resolution sensitive grating
spectrometer (Horiba JY 1000M-II with back-illumination
deep-depletion CCD detector) and a 1 mm thick BBO
crystal are aligned to detect pulse energies down to less
than 1.0 fJ. Coherently mode-locked picosecond pulses,
with a near-transform-limited 2.3 ps pulse-width and
39.1 MHz repetition rate, were generated by a PolarOnyx
Saturn fiber laser tunable from 1533.5 to 1568 nm with a
maximum pulse energy of 600 pJ. The coupling into and
output from the SPNW was through free space to mini-
mize the influence of fiber nonlinearities and with a linear
polarizer to ensure the transverse electric polarization
coupled onto the semiconductor chip. The SPNW output
was also measured with an optical spectrum analyzer
(OSA), to compare with the retrieved SFG-XFROG spec-
trum and for calibration.
Figure 2 shows the experimental and the NLSE simu-

lation results of the output pulses for 25 pJ input pulse
energy at pulse central wavelengths of 1555 and
1560 nm, in which the initial pulse intensity and phase
distribution for the NLSE simulations are measured by
SFG-XFROG to guarantee the uniformity of the experi-
ments and the simulations. The parameters of NLSE for
the simulations were also modified by SFG-XFROG and
OSA measured data to ensure that the simulation results
can predict pulse dynamics for other waveguide lengths
properly. The retrieved SFG-XFROG error, in the 2D
phase-retrieval solution and convergence, was deter-
mined to be less than 0.5% for each of the datasets and
confirmed the setup alignment. Dispersion of the wave-
guide applied in the NLSE was calculated by the finite-
differential time-domain algorithm [23], with the GVD
β2 from −1.53 to −1.49 ps2∕m for the measurement wave-
length range, and the third-order dispersion β3 from
−2.9 × 10−3 to −4.1 × 10−3 ps3∕m.
As illustrated in Fig. 2, the pulse duration broadening

ratios (χb � Tb∕T in; T in � 2277 fs; 2545 fs) are 1.82 and
1.55 for 25 pJ input pulse energy at central wavelength

1550 and 1560 nm, respectively. Furthermore, the spec-
tral centroids exhibit 0.92 and 0.87 nm Drude blueshift
induced by FCD [8,24,25,], relative to the 1554.60 and
1558.88 nm spectral centroids of the input pulses, which
is further supported by the temporal phase distribution
in the FWHM of the pulse width.

The numerical modeling shows remarkable agreement
with the experimental results, including the temporal
phase distribution, the temporal profile, and the spec-
trum, with almost the same waveform, while there are
quite a few more discrepancies between the recent
FROG measurements and the NLSE predictions [19].
Significantly, the SFG-XFROG measurement determines
the absolute temporal centroid of the pulse, providing
details of pulse dynamics analysis and phase evolution.

Figures 3(a) and 3(b), respectively, show the experi-
mental and numerically predicted temporal and spectral
intensity profiles of the 1545 nm output pulses. Due to
the unambiguous temporal direction of XFROG measure-
ments, a clear soliton acceleration along with a corre-
lated pulse broadening with increasing input pulse
energies in the time domain was clearly observed by both
experiment and simulation.

Fig. 2. Temporal intensity profile, phase distribution, and
spectrum of the output pulses at 25 pJ input pulse energy. (a),
(b) 1555 nm; (c), (d) 1560 nm. Red curves are experimental re-
sults, and blue curves are simulation results. The green-dotted
line is the phase distribution retrieved from SFG-XFROG; the
green solid line is the numerically predicted phase distribution.
Insets in (b) and (d) are SFG-XFROG retrieved traces.

Fig. 3. Temporal and spectral intensity profiles of the output
pulses for increasing coupled pulse energies from 170 fJ to
98.2 pJ. (a) Results retrieved from SFG-XFROG measurements
and (b) numerically predicted results from NLSE mode simula-
tions. Input pulse profiles are also shown in black at the figure
bottom. The central labels denote the input pulse energies.
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For the waveguide examined in the experiments and
2267 fs input pulses, the dispersive length LD�T2

0∕jβ2j�
[1], with T0 � T∕Γ and Γ � 1.76 for ideal hyperbolic se-
cant pulses, is 108 mm larger than the 4 mm sample
length. The nonlinear length LNL�1∕γeffP0� [1], where γeff
is the effective nonlinear parameter and P0 is the pulse
peak power, is from 44 mm to 76 μm for the coupled
energy range. The two characteristic lengths suggest that
the impact of GVD can be neglected for the 4 mm SPNW,
and the high-order temporal soliton compression phe-
nomenon should occur. In the presence of TPA, FCA,
and FCD, however, the pulse shows temporal broadening
and acceleration. The measured maximum broadening
ratio and acceleration are 1.96 and 1287 fs ahead, respec-
tively, at the highest pulse energies (98.2 pJ). At the same
time, the pulse spectra show blueshifts and spectral
broadening from FCD and SPM, respectively [25,26].
The spectral centroid blueshifts by 2.86 nm at 98.2 pJ
input pulse energy.
The measurements shown in Fig. 4(a) are for launched

central wavelengths of 1545, 1550, 1555, and 1560 nm.
Pulse acceleration up to about 1500 fs for different
central wavelength is observed in both the SFG-XFROG
measurements and NLSE simulations. For 1550 nm,
Fig. 4(b) then shows the computed temporal centroids,
particularly denoting the contributions of various nonlin-
ear processes, i.e., SPM, TPA, FCA, and FCD, to extract
the contribution of each nonlinear process. The results
indicate that SPM and TPA hardly affect the pulse tem-
poral centroid position, whereas FCA plays a dominant
role in the pulse acceleration. FCA induces asymmetry
absorption and makes the temporal pulse energy redis-
tribute and shift to the pulse leading edge, evidence of
pulse acceleration. On the other hand, effective temporal
broadening is dominated by TPA [19], which attenuates
the pulse temporal peak with an effectively broadened
pulse base.
Figure 5 shows the temporal and spectral properties of

the output pulses based on the NLSE model, parameters
of which are fine-tuned and grounded by our SFG-
XFROG measurements. Output pulse durations broaden
to about 4 ps for 25 pJ input pulse energy with increasing
length as shown in the inset zoom-in of Fig. 5(a). After
260 mm, the pulse duration shows compression, a length
nearly 40 times longer than the 6.5 mm optimal distance
Zopt, estimated by LD�0.32∕N � 1.1∕N2� with N�LD∕LNL�
the soliton number [7], at which point the pulse experi-
ences a minimum width. The maximum compression

ratios (χc � Tcomp∕T in) are 2.89, 3.22, 2.67, and 2.70 for
the examined wavelength range. The decrease in the
soliton number results from both nonlinear and linear
losses, preventing compression at short length scales
and high compression from large N numbers [27].

The temporal centroid of the output pulse first shifts
sharply to the pulse leading edge with the increasing
waveguide length to ∼4 mm, after which the pulse mono-
tonically accelerates for increasing length, as shown in
Fig. 5(b). The spectral blueshifts reach a 1 nm maximum
at an ∼8 mm waveguide length, after which this is
maintained through the additional increasing waveguide
lengths, as shown in Fig. 5(c). The losses by the two
mechanisms play an approximately equal role with a re-
spective 4 dB for a 4 mm waveguide, then the predomi-
nance of the linear loss is enhanced with the increase in
waveguide length. Therefore, the losses by linear mech-
anisms dominate the weakening of the intensity-squared-
dependent free carrier effect in the long waveguide case.

Figure 5(d) shows the output pulse duration with
increasing input pulse energy for a 4 mm waveguide.
The pulse duration broadens with increasing input pulse
energy, and the maximum broadening ratios are 2.07,
2.48, 2.17, and 2.36 for the central wavelength range. At
the same time, the pulse temporal centroid accelerates
with the increasing input pulse energy nonlinearly as
shown in Fig. 5(e), and the pulse accelerations range
from 2478 to 3312 fs at 400 pJ input pulse energy. Further-
more, Fig. 5(f) shows the spectral blueshift for the
range of input energies. The spectral blueshifts increase

Fig. 4. Measured and simulation pulse accelerations. (a) Tem-
poral centroid of output pulses versus input pulse energy.
SFG-XFROG measurement in data points; NLSE simulations
in solid lines. (b) Simulation extracted temporal centroids at
1550 nm for various cases. G, GVD; S, SPM; T, TPA.

Fig. 5. Pulse properties. (a) Pulse duration, (b) temporal
centroid, and (c) spectral centroid versus waveguide length
up to 500 mm for 25 pJ input pulse energy. Insets: zoom-in
of the initial saturation region with the same coordinate labels
as the main figure. (d) Pulse duration, (e) temporal centroid,
and (f) spectral centroid versus input pulse energy up to 400 pJ
for 4 mmwaveguide length. Wavelength assignment throughout
is as shown in key in (a).

November 1, 2013 / Vol. 38, No. 21 / OPTICS LETTERS 4403



nonlinearly with the input pulse energy up to about 5 nm
for the different central wavelengths examined.
The nonlinearity of the temporal pulse acceleration

and spectral blueshift versus input energy result from
the power attenuation by the intensity-dependent two-
photon absorption and intensity-squared-dependent
FCA. The losses by the nonlinear mechanisms play a
significant role in the pulse dynamics at the short wave-
guide and high input energy cases. As a consequence,
in the presence of TPA, FCA, and FCD, the pulse propa-
gation exhibits mainly temporal broadening, accelera-
tion, and spectral blueshift increasing nonlinearly with
input pulse energy.
In summary, we have demonstrated the picosecond

pulse dynamics in SPNWs by SFG-XFROG and NLSE
modeling. The temporal pulse accelerations are clearly
observed from the temporal direction resolved XFROG
measurements and analyzed by the NLSE modeling
with auxiliary carrier dynamics. This indicates that FCA
dominates the temporal pulse acceleration. The numeri-
cal model, fine-tuned by our SFG-XFROGmeasurements,
for pulse evolution was studied at varying waveguide
lengths and input pulse energies, in support of under-
standing pulse dynamics in chip-scale optical intercon-
nects and signal channels.
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