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Abstract: We characterize the generation of free-carriers in a silicon strip nano-waveguide
at 1550 nm performing pump-and-probe measurements. Compared with bulk silicon, we iden-
tified a higher effective two-photon absorption coefficient and a significant carrier-generation
via single-photon absorption.
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Free-carrier absorption (FCA) and free-carrier dispersion (FCD) play an important role in the development of silicon-
photonics devices. Although these free-carrier effects are often considered detrimental, for example reducing the ef-
ficiency of nonlinear amplification [1], they can also be used to control light within the guiding structure [2]. In strip
nano-waveguides, the tight optical confinement leads to enhancement in nonlinear effects [3,4], including two-photon
absorption (TPA), which then results in higher generation rate of free carriers. In addition, intra-bandgap states at either
the core-clad interface or even in the silicon core allow for free-carrier generation through single-photon absorption
(SPA) [5]. In this paper, we present a detailed characterization of free-carrier generation rate on a strip silicon nano-
waveguide fabricated in a CMOS foundry. Our experiment, on the one hand, confirms the prediction of an effective
TPA coefficient higher than bulk and, on the second hand, accurately characterizes the linear SPA coefficient.

The waveguide under test was fabricated at imec/Europractice and had a cross-section of 450nm x 220nm, a 2.4 mm
of length, silica cladding and grating couplers at both ends. Two additional samples of different lengths (5.9 and
30 mm) were used to measure coupling (3.7 dB) and propagation (1.4 dB/cm) losses by linear regression at low input
power. We implement a pump and probe experimental setup described in [6], with a pulsed pump of 80 ps full-width
at half maximum (FWHM) pulse duration and 500 kHz repetition rate at 1547 nm, and a continuous wave (CW) low-
power (~50 uW) probe at 1549 nm. The input and output pump pulses, and the probe were captured by a wide-
bandwidth oscilloscope.

Figure la shows the time-resolved probe normalized transmittance, 7' (¢), for different input pump power levels,
100, 360 and 670 mW. The initial fast drop in the transmittance is attributed to non-degenerate TPA [4], whereas the
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Fig. 1. (a) Normalized probe transmittances for 100, 360 and 670 mW peak pump power; (b) carrier
density to power ratio; and (c) generated carriers as a function of input pump power.
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following slower regime is dominated by FCA. In order to estimate the amount of generated carriers, we measure the
transmittance at ) = 100 ps, when carrier generation has ceased and before significant recombination has taken place
(considering that the measured initial carrier lifetime 7, ~ 800ps [6]). Thus, the generated carrier density, averaged
along the waveguide length L, was extracted as N = —In(T)/(So,L) [6], where o, = 1.45 x 10717 cm? is the FCA
cross-section at ~1550nm [7], n = 0.77 is a factor accounting for the mode overlap with the silicon core, and S = 1.2
is the so-called slow-light factor that takes into account the enhancement of FCA due to the lower waveguide group
velocity compared to that in bulk silicon [4, 8].

In Fig. 1b, we show the generated free-carrier densities for peak pump power levels Py ranging from 10 to 100 mW.
The data is presented in the form of N/Py vs. By to explicitly separate linear (through SPA) and nonlinear (through TPA)
generation mechanisms. For this power range, N /Py can be accurately fitted by a linear function of Py with non-zero in-
tercept, i.e. N/Py = a+b- Py. Neglecting pump depletion due to FCA, we can relate the TPA and SPA coefficients, Brpa
and ogspy, with the slope b and intercept a obtained from the linear regression (analytical expressions in undepleted
regime will be presented somewhere else). The results are Brps = (1.5+0.1) cm/GW and ogps = (1.940.1) m~!.
These parameters were used to numerically calculate the free-carrier density for a wider range of pump power levels
(in which FCA induced pump depletion cannot be negelcted), and the results compared with our experimental data.
The results in Fig. 1c demonstrate that the carrier densities obtained from the numerical model are in good agreement
with our measurements up to 1 W. We have also calculated the independent contribution in carrier generation from
each mechanism, showing that SPA dominates up to ~10 mW, whereas for power levels higher than ~300 mW carrier
generation is mainly due to TPA. At intermediate power levels, both mechanisms have significant contributions and
must be taken into account.

In conclusion, by using time-resolved pump-and-probe measurements, we have characterized the contribution of
both TPA and SPA in the generation of free-carriers in a silicon strip nano-waveguide at 1550 nm. Although typical
bulk values for Brps are in the range of (0.4 — 1.2) cm/GW [9], the tight confinement in our nano-waveguide leads
to significant enhancement in the effective Brps [3]. The high effective TPA in combination with non-negligible SPA
results in higher generated carrier densities which may be useful in novel applications of light control based on free-
carrier effects.
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