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Abstract: A rigorous mathematical model is developed to study the Raman effect in silicon
photonic crystal waveguides. We show how enhanced signal amplification without pulse
distortion is achieved by adequately tuning the pulse group velocities.
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1. Introduction

We present a rigorous and comprehensive theoretical model to study Raman amplification in silicon photonic crystal
waveguides (Si-PhCWGs), which incorporates key effects pertaining to the pulse dynamics, including group-velocity
(GV) dispersion (GVD), self-phase modulation (SPM), cross-phase modulation (XPM), and the effect of photogen-
erated free carriers (FCs). Indeed, whereas Raman scattering has been intensively investigated in PhC fibers [1, 2]
and also in silicon waveguides with uniform cross-section [3], a complete study of pulsed Raman interaction in Si-
PhCWGs with all linear and nonlinear optical effects included is not available yet. In particular, our model predicts
that signal amplification via Raman interaction is largely dependent on the walk-off length between pulses, and that
the proper choice of the GV of the pump and signal pulses leads to large, distortionless amplification of the signal.

Raman scattering is the result of the interaction between two pulses, namely pump and signal, whose spectral
difference is close to the vibrational Raman frequency of the medium. At resonance, this effect can lead to strong
phonon mediated signal amplification. Due to the strong optical field confinement in ultra-small cross-section of Si-
PhCWGs, dispersion engineering can be employed to control the strength of Raman scattering in these waveguides,
justifying the importance of studying this phenomenon in a comprehensive way.
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Fig. 1. (a) Schematics of the Si-PhCWG. (b) Projected band diagram of the waveguide. Red and
blue curves represent the pump and signal guided modes, respectively. (¢) Dispersion coefficients
vs. wavelength for the pump and signal modes of a waveguide with a = 388 nm.

2. Silicon photonic crystal waveguide and mathematical model

The Si-PhCWG structure considered in this study is commonly known as W1 PhCWG, and is made by removing a row
in a honeycomb lattice of air holes in a homogeneous silicon slab, as per Fig. 1(a). The index of refraction of the silicon
slab is ng; = 3.48, its height is & = 0.6a, and the radius of the holes is r = 0.29a, where a is the lattice constant of the



crystal. The projected bands corresponding to the guided modes of the waveguide are shown in Fig. 1(b), whereas the
wavelength dependence of the dispersion coefficients of a waveguide with a = 388 nm are presented in Fig. 1(c).

The mathematical model we developed reduces to a set of coupled nonlinear Schrédinger (NLS) equations for
the pump and signal, combined with a rate equation describing the carrier dynamics. In our model, the nonlinear
coefficients corresponding to the SPM, XPM, and Raman interaction are calculated from the Kerr and Raman nonlinear
susceptibilities using certain modal averages [3]. These nonlinear coefficients are inverse proportional to the square of
the GV of the pump and signal pulses, as per Fig. 1(c) where the dashed line indicates the separation between slow-
and fast-light regimes. The circles, squares and triangles illustrate the three different scenarios analyzed in this paper:
slow-slow, fast-fast, and slow-fast, respectively.

3. Raman amplification versus pump and signal group velocities

The coupled NLS equations are solved by the split-step Fourier method [4] for the three different scenarios mentioned
above. When both the pump and the signal are in the slow-light region, Raman amplification coefficient becomes
notably strong as ¥z o< (Vg p - vg’s)’l; however, due to the walk-off length between pulses (around 50 m) the ampli-
fication efficiency does not increase beyond the —5 dB threshold. Maintaining the pump in the slow-light regime but
shifting the signal to the fast-light regime can increase the walk-off length and boost the signal amplification up to
30 dB, but, on the other hand, pulse distortion increases considerably due to enhanced SPM and XPM effects. Finally,
when both pulses propagate in the fast-light regime, even though the Raman interaction is weaker, the walk-off length
increases to the order of millimeters and distorsionless amplification of more than 20 dB is possible.
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Fig. 2. (a) Pulse evolution in time domain for the fast-fast case: @ = 388 nm, Ty = 5 ps, and initial
peak powers P, =5 x 1074 W and P, =1W. (b) Evolution of pump (top) and signal (bottom) spectra
along the waveguide. (c) Raman amplification efficiency vs. pump peak power for different values
of the walk-off length and for 7o = 10 ps and Ly,; = 1 mm.

Figure 2(a) illustrates the pump depletion at the center of the pulse when the walk-off length is much bigger than the
waveguide length, whereas Fig. 2(b) shows how SPM and XPM affect the pump and the signal, respectively. Indeed,
SPM and XPM set in for pump peak powers above ~ 0.7 W. Finally, Fig. 2(c) reveals the smaller the lattice constant
is, the earlier the pulses walk-off from each other and surprisingly more amplification is achieved, justified as not only
the central region of the pump gets depleted but also one of the side regions, transferring more energy to the signal.

In conclusion, we demonstrated that the Raman interaction in silicon photonic crystal waveguides can lead to large
signal amplification by adequately engineering the group velocities of the optical modes, and thus be a key enabler of
active photonic nanodevices.
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