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Free-carriers (FC) profoundly impact the performance of silicon nanophotonic devices including
amplifiers, modulators, and ring microcavities [1]. Optimizing such devices relies on a good understanding
of FC dynamics and how it depends on the FC density (N ). This is particularly true in Si nanowaveguides,
where surface recombination is important [2] and leads to an N -dependent lifetime [3]. Large density
of surface-states enhances the N -dependence as compared to bulk, where recombination is impurity or
defect dominated (as described by the Shockley-Read-Hall theory) while for very high N values, Auger
process enters the picture [4]. The effect of carrier density on the recombination lifetime has been studied
in silicon rib-waveguides [5], where surface effects are reduced somewhat relative to the case of nanowires
considered in this paper, since carriers cannot diffuse away from the core region as in the rib. We used a
pump-and-probe technique to investigate the recombination rate, and observe carrier lifetimes ranging
over almost one order of magnitude for the range of N explored.
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Fig. 1. (a) Normalized transmittance (inset: X-2PA and diffusion transient); (b) time-resolved
carrier density; (c) lifetime as a function of carrier density;

A pulsed pump laser at 1547 nm (0.7 W peak power, 50 ps pulse-width, and 1 MHz repetition rate) is
combined with a low-power continuous-wave probe (1557 nm) and coupled into a fully-etched silica-cladded
waveguide with a cross section of 220 nm×450 nm. The pump generates carriers through two-photon
absoprtion (2PA) and surface-state absorption, and the carrier dynamics is extracted from the probe
transmission measured in an oscilloscope. Fig. 1a shows the measured transmittance T normalized to
the linear loss. After an initial fast transient (inset) due to non-degenerate 2PA (X-2PA) and carrier
diffusion, free-carrier absorption (FCA) dominates (highlighted in blue). The carrier density shown in
Fig. 1b was then extracted using N = −ln[T ]/σαL, where σα = 1.45 ·10−21m2 and L = 2.4 mm is the
waveguide length. The nonlinear behavior clearly indicates that the recombination rate is faster in the
high density region. The carrier lifetime was calculated as τ = −N · (dN/dt)−1 using an adaptive sliding
window fitting, and Fig. 1c shows the result. A fitting was performed using a constant term, τ0 ∼ 8 ns, and
a density-dependent term given by τN=3.8 ·1011/N0.7ns (N in cm−3). The results reveal a significant
reduction from ∼ 8 ns to ∼ 1 ns as carrier density increased from ∼ 1014 to ∼ 2 ·1016 cm−3, potentially
impacting practical applications.
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