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            Abstract
Electronic and photonic technologies have transformed our lives—from computing and mobile devices, to information technology and the internet. Our future demands in these fields require innovation in each technology separately, but also depend on our ability to harness their complementary physics through integrated solutions1,2. This goal is hindered by the fact that most silicon nanotechnologies—which enable our processors, computer memory, communications chips and image sensors—rely on bulk silicon substrates, a cost-effective solution with an abundant supply chain, but with substantial limitations for the integration of photonic functions. Here we introduce photonics into bulk silicon complementary metal–oxide–semiconductor (CMOS) chips using a layer of polycrystalline silicon deposited on silicon oxide (glass) islands fabricated alongside transistors. We use this single deposited layer to realize optical waveguides and resonators, high-speed optical modulators and sensitive avalanche photodetectors. We integrated this photonic platform with a 65-nanometre-transistor bulk CMOS process technology inside a 300-millimetre-diameter-wafer microelectronics foundry. We then implemented integrated high-speed optical transceivers in this platform that operate at ten gigabits per second, composed of millions of transistors, and arrayed on a single optical bus for wavelength division multiplexing, to address the demand for high-bandwidth optical interconnects in data centres and high-performance computing3,4. By decoupling the formation of photonic devices from that of transistors, this integration approach can achieve many of the goals of multi-chip solutions5, but with the performance, complexity and scalability of ‘systems on a chip’1,6,7,8. As transistors smaller than ten nanometres across become commercially available9, and as new nanotechnologies emerge10,11, this approach could provide a way to integrate photonics with state-of-the-art nanoelectronics.
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                    Fig. 1: Photonic integration with nanoscale transistors.[image: ]


Fig. 2: Monolithic electronic–photonic platform in 65-nm bulk CMOS.[image: ]


Fig. 3: Photonics platform performance.[image: ]


Fig. 4: Electro-optical testing of WDM transceiver chips.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Passive photonic performance at 1,300 nm and 1,550 nm.
a, Waveguide propagation loss at 1,300 nm. Waveguide loss drops with wavelength because of a combination of lower absorption and scattering by polysilicon. b, Q-factor of a 15-µm-diameter microring resonator. c, Waveguide propagation loss at 1,550 nm. d, One resonance of a 17-µm-diameter microring near 1,540 nm with a Q-factor of 38,000.


Extended Data Fig. 2 Polysilicon avalanche photodetector.
a, Current–voltage curve of the microring photodiode under dark and illumination for an input optical power of 20 µW. Dynamic range is about 60 dB and about 10 dB at 0 V and 16 V, respectively. b, One microring photodetector resonance (top) and the corresponding photo-current (bottom) as the wavelength is swept across the resonance. The loaded Q-factor (Qloaded) of the microring is about 10,000. The fit is obtained through least-squares optimization of a model that includes a Lorentzian resonance for the microring and accounts for the reflections from the end facets of the chip to model the Fabry–Perot resonances observed in the transmission curve. c, Noise equivalent power (NEP, blue curve) of the photodiode estimated from the dark-current shot noise, which dominates the detector noise. Avalanche gain is 13 at 16 V bias, with an noise equivalent power of 0.27 pW Hz−1/2. The simulated signal-to-noise ratio (SNR) (red curve) at the output of the optical receiver, assuming an optical signal of 1 µW, and a receiver circuit input-referred noise spectral density of 1 pA Hz−1/2. d, The responsivity of the photodetector versus input optical power, showing minimal power dependency. The error bar is estimated based on a ±5% error in estimating the optical power in the waveguide before coupling into the detector. This error comes from variations in fibre to chip coupling efficiency owing to fibre-grating coupler misalignment. e, f, Eye diagrams at 12.5 Gb s−1 at 0 V and 14.5 V reverse bias.
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