Ultra-low power Four Wave Mixing wavelength conversion in silicon micro-ring
resonators with tunable Q-factor
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The development of highly non-linear silicon devices is a fundamental step towards the realization of
low power optical signal processing devices. In order to achieve this final goal several constraints have to be
overcome. In particular, the next generation of opto-electronic integrated devices must be ultra-compact,
compatible with foundry model fabrication processing and exhibit low power consumption [1]. In recent years,
many non-linear photonic devices have been demonstrated based on the Silicon On Insulator (SOI) technology
platform allowing for an unprecedented level of integration. Many research groups have demonstrated non-
linear devices that can perform wavelength conversion [2], demultiplexing operations [3] and all-optical
switching [4]. In particular, in order to perform wavelength conversion, Four Wave Mixing (FWM) effects are
typically used in silicon, showing conversion efficiencies that have ranged from -40 dB [5] to -12 dB with very
high pump peak power, >. The main limitation of such silicon wavelength converter devices is related to the
Two Photon Absorption (TPA) —excited Free Carriers (FC) that, at moderate pump power levels (>10 mW in
a standard cross section silicon waveguide) introduces an additional loss that dramatically reduces the
maximum achievable conversion efficiency [5]. Several techniques have been studied and demonstrated to
reduce FC impact on FWM efficiency, including carrier removal techniques [5], silicon slot waveguides [ref],
and amorphous silicon deposition instead of c-silicon [6]. However, these techniques suffer from several
manufacturing constraints that make it extremely challenging to fabricate them within a foundry model
paradigm. In order to decrease the pump power, and consequently reduce the impact of generated FC’s,
resonant devices has been considered and demonstrated in the past few years [7]. In such structures the non-
linear response is drastically improved due to the field enhancement of the cavity, which can be evaluated as
a function of the Q-factor. The latter is defined by the roundtrip loss and coupling coefficient and is typically
a static property of the device. In this work control is exerted over both the device Q-factor and the resonant
wavelengths using simple electrical contacts, allowing direct modulation of resonance enhanced processes
such as Four Wave Mixing (FWM).
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Fig. 1: Optical micrograph of a micro-ring resonator with tunable coupler and ring sections.

Compact silicon microring resonators have been demonstrated with Q-factors in the 10° range [8]. However,
the critical coupling condition in such high Q resonators exhibits a extreme sensitivity to fabrication tolerances
in manufacture, causing variation in the resonator optical path length, losses and coupling coefficient.
Nanometre scale fabrication variations can significantly detune the resonator from its designed condition and
hence degrade the resonant enhancement of the non-linear processes.
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Fig. 2: (a) Coupling coefficient, (b) Q-Factor and (c) Extinction as a function of the voltage applied on the coupling heater

In this work, by electrically controlling the power coupling coefficient to the ring, in addition to its resonant
wavelength, the device Q-factor can be tuned. The device geometry is shown in Fig.1. The critical coupling
point of the resonator can be easily attained so long as the device is designed to be over-coupled. Any
fabrication variation causing a shift in coupling coefficient can therefore be overcome. Electrical control is
excercised using a resistive heating element placed assymetrically over the evancescent field coupler [9]. The
heater element generates a thermal gradient across the two waveguides of the evanescent field coupler and
hence detunes their effective refractive indices, varying the power coupled to the device, and therefore its Q-
factor (see Fig.2). Resonators, designed with a coupling coefficient of 0.2 exhibited tuning down to 0.02,
corresponding to a Q-factor variation between 20x10% and 140x10% as shown in Fig.2(b). By tuning an
optimised coupled ring to its critical coupling point, a resonant Q-factor of 100x10® was achieved. FWM
experiments, Fig. 3, were carried out and a conversion efficiency of -10.9 dB was measured with an input
power on-chip of only 0.78mW. Finally, FWM efficiency was measured as a function of the ring-coupling
coefficient, showing that an ehnancement of 30 dB is achieved when the critical coupling point is reached (Fig.
3(b)), with high sensitivity of the efficiency to the coupling coefficient around this point.
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Fig. 3: (a) FWM measured spectra at the critical coupling point; (b) FWM efficiency as a function of the applied voltage
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