Soliton dynamics in integrated photonic chips
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Abstract: In this talk I focus on nonlinear pulses in nanophotonic semiconductor waveg-
uides. Our time-resolved measurements reveal physical phenomena unique to solitons in a
free-carrier medium. We support these results with analytic and numerical models.
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1. Introduction

Solitons are localized waves formed by a balance of focusing and defocusing effects. These nonlinear waves exist in
diverse forms of matter yet exhibit similar properties including stability, periodic recurrence, and particle-like evolu-
tion. In the optical domain a temporal soliton can form from the controlled balance of the nonlinear Kerr effect with
linear group-velocity dispersion (GVD) [1]. In semiconductor materials one must also account for nonlinear absorp-
tion and free carriers at typical intensity levels [2]. The nonlinear absorption attenuates the peak power, restricting the
desirable nonlinear phase change due to the Kerr effect. In addition, the nonlinear absorption generates free carriers.
The free-carrier plasma modifies the nonlinear pulse evolution with both dispersive (FCD, ng¢) and absorptive (FCA,
o) contributions leading to non-trivial dynamics unavailable in other optical systems. For example, while in the spec-
tral domain optical pulses undergo a spectral blueshift due to FCD [3], in contrast the temporal properties are governed
by the dynamic interaction of FCD and dispersion together leading to, for example, nonlinear pulse temporal broad-
ening [4]. These free-carrier effects also interplay with and modulate the classical soliton evolution. Temporal solitons
in semiconductors have been shown [5, 6] including soliton self-frequency blueshift [7] and soliton acceleration [8,9].
In this talk we describe the dynamics unique to solitons in semiconductors through experiment, theory, and modeling.

2. Solitons in semiconductor photonic crystal waveguides

Bright solitons are one class of analytic solutions to the nonlinear Schrodinger equation (NLSE) with Kerr nonlinearity
() and anomalous GVD (f3; <0). Fig. 1(a) summarizes the key parameters in the various platforms in which temporal
solitons have been demonstrated. The red circle indicates the region of photonic crystal waveguides that we use in these
experiments. In photonic crystal waveguides the Kerr nonlinearity is enhanced by the square of the group index [10].
Fig. 1(b) summarizes experimental autocorrelation results demonstrating the temporal evolution of optical solitons in
a semiconductor photonic chip. As the pulse energy increases, the output pulse returns to the input duration before
further compressing to a minimum duration of 800 fs (deconvolution factor of 1.54 for sech), limited by the laser
output power. These on-chip results follow traditional soliton theory with good fidelity. Recently, we demonstrated a
new class of ‘pure-quartic solitons’ with remarkably different properties arising from fourth-order dispersion and the
Kerr effect [16]. We next examine solitons with perturbations.

2.1.  Solitons with perturbations

The illustrations in Fig. 2 provide an insight into soliton perturbations in both glass and semiconductor media. The left
side of the figure describes intrapulse Raman scattering which plays an important role in glass media [11]. These ef-
fects are known and we refer the reader to the literature for more detail. The right side of the figure describe intrapulse
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Fig. 1. Temporal optical solitons in photonic crystal waveguides. (a) Nonlinear (},r7) and GVD
(B2) parameters of various soliton experiments. (b) Autocorrelation measurements demonstrating
characteristic higher-soliton behavior. We use GalnP, which suppresses two-photon absorption.
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Fig. 2. Solitons with perturbations.Left. Schematic illustrating the differences between soliton evo-
lution in glass (Raman) and semiconductors (free carriers). Right. (a) Weak free carrier regime in
GalnP (Kerr + 3PA). (b) Strong free carrier regime in silicon (Kerr + TPA). Details are in the text.

free-carrier effects typical of the temporal behavior in semiconductor waveguides. Owing to free-carrier frequency
blue shift from the FCD, the pulse undergoes acceleration in the anomalous medium and arrives before the canoni-
cal soliton. The strength of these effects depends on the pulse duration. Whereas Raman processes typically require
femtosecond pulses, in contrast, free-carrier effects require longer pulses in time. Physically, this is explained by
considering that the energy in the pulse tail needs to experience the free carriers generated by the leading edge. Math-
ematically, the rate equation describing free-carrier generation involves an integral corresponding to the accumulation
of free carriers across the pulse [12]. We now show experiments demonstrating temporal solitons in which free-carriers
play a significant role.

2.2.  Weak free carrier regime (3PA-limited)

While Fig. 1 shows a good first experiment, autocorrelations are symmetric and require an approximation of the pulse
shape. As not all pulse dynamics are symmetric, information can be obscured and it is desirable to obtain the real
electric-field envelope. With this motivation, we constructed a frequency-resolved optical gating (FROG) apparatus to
measure the pulse intensity and phase in both the temporal and the spectral domains. Figure 2(a) shows the retrieved
temporal intensity (solid blue) and phase (dashed magenta) of the experimental spectrograms as a function of pulse
power. We observe temporal narrowing characteristic of higher-order solitons, as well as the temporal separation
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indicating the onset of periodic evolution. To understand the experiment better we conducted NLSE modeling of the
experiment shown in the right panel. As we increase the pulse energy the pulse shifts forward from 0 ps to -1.4 ps,
indicating that the pulse advances in time. The black dashed line indicates simulations with suppressed FCD showing
the pulse shifts noticeably less in this case and we conclude that FCD causes the temporal advance. We suspect
the remaining shift might be due to strong self-steepening in the photonic crystal [13] or residual pulse chirp. More
recently we showed that FCD can induce soliton fission [14]. These results of solitons in the weak free-carrier regime
encouraged us to study this effect in a TPA-limited material where free carriers play a more significant role.

2.3.  Strong free carrier regime (TPA-limited)

For this case, we constructed an electrically gated cross-correlation (X-FREG) [15]. Figure 2(b)(left) shows spectro-
grams at three different coupled power levels for silicon waveguides [9]. The spectrograms clearly reveal the pulse
spectrally blue-shifting with increasing power due to larger free-carrier concentrations. Figure 2(b)(right) shows the
experimentally retrieved pulse intensities in the time domain indicated as the dashed red lines with NLSE modeling
(blue line). We observe compression of 3.7-ps pulses to 1.6 ps (compression factor y.= 2.3). It is not obvious how
much additional compression is possible in this system due to the presence of TPA. Further, we directly measure the
time advance of pulses in the time-of-flight configuration.
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