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ABSTRACT

Generation and recombination of free carriers in silicon photonics is fundamental to understand several nonlin-
ear optical phenomena and engineer novel devices. Particularly in strip nano-waveguides, the tightly confined
optical field results in highly efficient generation of free-carriers, both through linear and nonlinear absorption.
Furthermore, the large surface-to-volume ratio results in a nonlinear recombination behavior dominated by a
trap-assisted mechanism. Through time-resolved pump-and-probe experiments, we performed a detailed ex-
perimental characterization of linear and nonlinear generation rates, as well as recombination dynamics. We
developed analytical expressions to determine the carrier density averaged along the waveguide from the mea-
sured free-carrier absorption for different input pump power levels. As a result, we were able to discriminate
the contributions from two-photon absorption (TPA) and single-photon absorption (SPA), obtaining absorption
coefficients of (1.540.1) ecm/GW and (1.9£0.1) m~!, respectively. Our results then reveal that the effective
TPA within the waveguide is higher than the value reported for bulk silicon, and that SPA plays an important
role in carrier generation up to ~300 mW. With regards to recombination dynamics, our results show a highly
nonlinear decay curve with instantaneous carrier lifetime varying as the recombination evolves (initially faster
with lifetime of ~800 ps and slower at final stages of the decay, reaching ~300 ns). We interpret our results with
a theoretical framework based on trap-assisted recombination statistics applied to strip nano-waveguides, and
explore its implication to the dynamics of nonlinear nanophotonic devices in which free carriers play a critical
role.

Keywords: Semiconductor, silicon photonics, two-photon absorption, free-carrier generation, free-carrier re-
combination

1. INTRODUCTION

Silicon-on-insulator (SOI) has emerged as a high potential technology for future integrated optical systems due
to its compatibility with the widely-employed complimentary metal oxide semiconductor (CMOS) fabrication
process.! SOI technology is also interesting because the large refractive index contrast between the core
(silicon) and cladding (glass/air) leads to strong light confinement, enabling compact devices and, along with
silicon’s high nonlinear coefficient, making this platform attractive for implementing nonlinear devices.*> The
presence of free carriers within the guiding structure, however, poses a critical challenge to the design of such
devices.% Free carriers interact with the optical mode by modifying both the real and imaginary parts of the core
refractive index, so-called free-carrier dispersion (FCD) and free-carrier absorption (FCA) effects, respectively.'?
In addition, heat generation due to non-radiative carrier recombination modifies the refractive index through
the thermo-optic effect.!' The combination of these effects can result in instabilities in resonant structures as
reported in [12]. FCA, FCD, and thermal effect, however, can also be exploited as light control mechanisms.
For instance, in [13], FCD is employed to shift the resonance in a micro-ring resonator, whereas in [14], FCA is
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used to compress optical pulses. An accurate knowledge of free-carrier dynamics is then critical to understand
the response of fabricated devices, predict operation limits, and improve future designs.

In general, carrier dynamics depends on (i) generation, (ii) diffusion and (iii) recombination mechanisms.
In the particular case of the widely employed strip nano-waveguides, all-optical generation of free-carriers is of
great importance for nonlinear applications. Given the 1.1-eV bandgap of silicon, carrier generation at 1550 nm
is attributed to two-photon absorption (TPA).!5:16 However, the presence of intra-bandgap states due to defects
or impurities can result in non-negligible single-photon absorption (SPA), further contributing to free-carrier
generation. Another relevant aspect of carrier generation in strip nano-waveguides is an effective enhancement of
the nonlinear TPA coefficient in the strong guidance regime.!” ' These two aspects, the presence of both SPA
and TPA and an enhancement of the effective TPA coefficient, motivate the present detailed characterization of
all-optical carrier generation in silicon nano-waveguides. An additional aspect particular to strip waveguides is
that diffusion out of the silicon core cannot happen as it is completely surrounded by oxide (or air). This means
that once free-carriers are generated, they are tightly confined into the core and continuously interact with the
optical mode until completely recombined back into the valence band. Recombination can occur through several
mechanisms such as radiative, Auger and trap-assisted recombination.?® The indirect bandgap of silicon strongly
reduces radiative recombination, while Auger processes are significant only for relatively high carrier densities,
typically above 10'® ecm™3.2! It is expected therefore that in this kind of waveguides carrier recombination
is dominated by trap-assisted, usually described by the standard Shockley-Read-Hall (SRH) model.?2 The
most common regime generally observed in SRH recombination in bulk or large cross-section waveguides is
that governed by small trap density relative to excess carriers. We observe in our experiments, however, that
the recombination dynamics in nano-strip waveguides follows a more complex dynamics better explained by
large trap density regime, which causes significant unbalance between free electrons and free holes.?> One of
the consequence of the large trap density regime is the fact that carrier lifetime is not only dependent on the
instantaneous carrier density but also on the previous carrier densities.

In this paper we summarize our results presented in [24] and [25], covering both generation as well as
recombination mechanisms, and discuss its applications to all-optical switching. The presented characterization
of the commonly used 220 nmx450 nm provides a deeper understanding of the complex carrier dynamics and
our results can be used to model device performance in similar structures. The paper is organized as follows:
in Section 2, we describe the employed experimental setup while, in Section 3, we present the characterization
results of both carrier generation and recombination. In Section 4 we analyze the effect of the carrier dynamics
on the optical control of light. Finally, Section 5 concludes the paper.

2. EXPERIMENTAL SETUP AND SAMPLES

In Fig. 1(a) we present the general block diagram of the pump-and-probe experimental setup used to study
free-carrier generation and recombination processes in silicon nano-waveguides. For the pump, we used a train
of optical pulses tuned at 1549 nm, of short duration (nearly 100 ps) and a repetition rate of 500 kHz. Short
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Figure 1: (a) Block diagram of the employed experimental setup. VOA: variable optical attenuator, PC:
polarization controller, BPF: bandpass filter, PD: photodetector. (b) SEM image of a SOI waveguide similar to
that characterized in this work (in order to avoid charging, SEM image was taken using an unclad waveguide).
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pulses were employed because carrier lifetime can be as fast as ~800 ps, whereas the low-repetition rate was
required to minimize the influence of (pulse-to-pulse) accumulation of free carriers in our measurements. The
power of the pump was controlled by means of a variable optical attenuator (VOA), being able to vary the pump
power from few mW up to 1 W without modifying the main characteristics of the pulse shape. For the probe,
we used a continuous wave (CW) laser tuned at 1547 nm. The probe power was kept as low as ~50 pW in
order to ensure minimal contribution to the free-carrier density. The pump and probe signals were combined
via a fiber coupler before being injected into the SOI waveguide through a diffraction grating. Since the grating
couplers were design to efficiently couple only the quasi-traversal electric (TE) mode of the SOI waveguide, we
used polarization controllers (PCs) to optimize the coupling of both the pump and the probe by modifying their
states of polarization. After propagating over the SOI waveguide, the pump and probe signals were coupled back
to an optical fiber by using a second diffraction grating. The probe signal was then separated from the pump by
an optical bandpass filter (BPF) and detected by an oscilloscope equipped with a built-in photodetector (PD)
of 28-GHz bandwidth. A detailed description of the experimental setup can be found in [24].

The samples analyzed in this work were SOI strip waveguides with silica cladding and a cross-section of
450 nmx 220 nm. The waveguides were fabricated at imec/Europractice using optical lithography and inductively
coupled plasma reactive ion etching. In Fig. 1(b) we present a scanning-electron microscope (SEM) image of an
unclad SOI strip waveguide (similar to the samples used in our experiments, but before silica deposition). We
performed the linear regression of the transmittances of three samples with different lengths (i.e., 2.4, 5.9, and
30 mm), resulting in a propagation loss of ~1.4 dB/cm and a fiber-to-grating coupling loss of ~3.4 dB.

3. FREE-CARRIER DYNAMICS IN SILICON NANO-WAVEGUIDES
3.1 Generation through SPA and TPA

Figure 2(a) shows the normalized probe transmittance for three different pump power levels, which account
for losses induced by the pump via non-degenerate TPA and FCA. The signal to noise ratio of the normalized
transmittance curves has been enhanced by averaging several traces, being the number of averaged traces depen-
dent on the pumping power. In Fig. 2(a) we can identify an initial regime dominated by non-degenerate TPA
and characterized by a fast drop in the normalized transmittance. This stage is followed by a slower regime
dominated by FCA resulting from the free carriers generated along the waveguide. From inspection, we set the
transition between both regimes at around ¢y = 100 ps after the peak of the pump pulse, considering that at this

time non-degenerate TPA no longer contributes significantly. From the measured non-linear loss at ¢y =, the
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Figure 2: (a) Normalized probe transmittance for 80-ps pump pulses with different peak power levels (100, 360
and 670 mW). The regimes dominated by TPA and FCA (shadowed area) can be identified. (b) Comparison
between free-carrier generation in waveguide and bulk in terms of the input power.
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generated free-carrier density can be directly obtained.?” In Fig. 2(b) we present the generated carrier density
as a function of the input pump power (square symbols). The red curve represents the predicted carrier density
considering only TPA with a coefficient of 0.7 cm/GW, which clearly does not agree with the experimental
observation. At low power the experimental result reveals a lower slope, indicating presence of SPA. At high
power, the observed carrier density is dominated by TPA but is clearly shifted upwards from the predicted curve,
indicating an enhanced effective TPA coefficient. In [25], we developed analytical expressions that relate both
SPA and TPA coefficients with the generated carrier density as a function of the input power. The measured
SPA and TPA coefficients of the tested waveguide were agpa =(1.94£0.1) m~t and frpa =(1.540.1) cm/GW.
The black curve in Fig. 2(b) shows the calculated carrier density using the measured parameters, and is in good
agreement with the experimental data. From our results, we can point out two main observations. On the one
hand, although the measured SPA corresponds to approximately 6% of the total propagation loss (~ 1.4 dB/cm),
it has a significant contribution in carrier generation for low and intermediate power levels (up to ~300 mW). On
the other hand, the measured TPA corresponds to a larger value than those previously reported for bulk silicon,
which are within the range of 0.4 to 1.2 cm/GW.1%:26:27 Theoretically, based on the model presented in [ 18,19],
we calculated that the effective TPA coefficient is enhanced in the tight optical confining nano-waveguide by
~20% compared to bulk silicon, which is inline with our observation of 1.5 cm/GW.

3.2 Recombination dynamics

The results presented so far on the generation of free-carriers were based on measuring the carrier density at to =
100 ps in the transmittance curves in Fig. 2(a), just after the pulse. Beyond this point, no further generation
occurs and the carrier density decays due to recombination. Figure 3(a) shows the extracted time-resolved carrier
densities for pump pulse power levels of 0.07 W, 0.28 W, and 0.83 W at the waveguide input. Note a much
longer time scale than that presented in Fig. 2(a). Comparing the obtained traces, there are several points that
should be noted. First, there is a significant change on the slope as the recombination evolves. Considering the
logarithmic scale, this changing slope indicates that the instantaneous carrier lifetime (7.(t) = —N - (dN/dt)~1)
varies as the recombination evolves in time. Second, it is clear that for a given carrier density, the slopes of the
different traces are different. This shows that the carrier lifetime is not fully determined by the instantaneous
carrier density (which should have been the case in the small trap density regime in SRH recombination). An
additional point to highlight is that at the initial stage of the recombination, the slopes of the different traces
for the different considered pump power levels converge. These observations can be quantitatively assessed by
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Figure 3: (a) Time-resolved carrier density for different pump power levels. The inset shows a zoom of the initial
stage after the pulse. (b) Extracted carrier lifetime in terms of the carrier density for the same pump power
levels.
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Figure 4: Eye diagrams of the probe output for different pump power levels: (a) 1 mW, (b) 10 mW, and (c) 20
mW.

plotting the instantaneous carrier lifetime in terms of the carrier density, as shown in Fig. 3(b). As indicated, the
carrier lifetime is not uniquely determined by the instantaneous density. It is important to note that, even if the
shortest (~800 ps) and the longest carrier lifetimes (~ 300 ns) are similar for the different pump power levels, the
relation between carrier density and lifetime is dependent on the input pump power due to the different initial
carrier densities. Simulation results presented in [24] reveal that when trap density is large, the observations
presented here can be well explained. Physically, a large density of empty traps quickly capture free electrons
causing the initial fast drop in the nonlinear absorption and leaving a large unbalance between free electrons and
free holes. Slowly, hole recombination follows until all free carriers are recombined and the nonlinear loss ceases.

4. ALL-OPTICAL CONTROL

Once the carrier generation and recombination dynamics were studied, the system response under pseudorandom
operation was analyzed. That is, instead of a single pulse, a pseudorandom bit sequence was employed as pump.
Thus, the objective is not to characterize the carrier recombination process but to evaluate the performance
of an all-optical non-parametric optical switch. Figure 4 shows the eye diagrams for the probe output when
the pump power is (a) 1 mW, (b) 10 mW, and (c) 20 mW. As expected from the previous recombination time
analysis, higher pump power results in a faster device. However, due to the highly nonlinear recombination
dynamics, the system response is word-dependent. All the three eye diagrams shown in Fig. 4(a), (b), and (c)
present both horizontal and vertical asymmetry. The lack of horizontal symmetry indicates that the system is
bandwidth limited, whereas the vertical asymmetry means that the rising and falling times are different, which
does not occur in linear and time-invariant systems. However, even if the system is band-limited for the three
pump-power levels, it is clear that for 10 and 20 mW, the vertical opening of the eye diagram is significantly
better.

5. CONCLUSIONS

In this paper the generation and recombination of free carriers in a silica cladded strip SOI waveguide are
characterized. Results from time-resolved pump-and-probe experiments reveal that the generated carrier density
is higher in waveguides than in bulk silicon due an enhanced effective TPA as well as the presence of non-
negligible SPA. We have also observed recombination dynamics representative of large trap state density regime.
The higher carrier generation and complex recombination dynamics should then be considered in the design of
new devices, specially in nonlinear applications where moderate or high optical densities are required.
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